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The two installations of photovoltaic arrays on the roof of Murdoch University‟s South Street 
campus library, are part of the university‟s commitment to supply 15% of its electricity needs 
from renewable energy resources [1]. 
It has been found that over the analysis period of August 2010 to May 2011, the system 
generated a total of 81.92 MWh of electricity with an annual yield factor of 1467 kWh/kWp with 
production peaking in October 2010 at 6.66 MWh. It was shown that the poly-crystalline 
modules performed slightly better with an average daily yield factor of 5.3 kWh/kWp compared 
to 5.2 kWh/kWp for the mono-crystalline modules. 
This paper also found that the performance ratio for the analysis period was 0.759 with a 
monthly maximum of 0.796 for September and a minimum of 0.719 for May. Again it was 
found that the poly-crystalline modules performed better with a performance ratio of 0.767 in 
comparison to the mono-crystalline modules at 0.752. 
Module operating temperature was found to have the largest effect on system efficiency, with 
measured module temperature regularly exceeding 70 °C with a maximum 77.1 °C. It was found 
that the average daily maximum temperature difference between module and ambient 
temperatures was found to be 31 °C with a maximum of 42.7 °C. 
Modelling of the system in PVsyst provided some results which were reasonably accurate to 
those measured with a performance ratio of 0.769, with further modelling not able to improve on 
this value.  
A design assessment showed deficiencies by both installers regarding the provision of 
documentation to the university upon completion of both installations. Areas of non-compliance 
with Australian Standards and Clean Energy Council guidelines were found, including 
separation of AC and DC circuits, cable clamping, protection and wiring loop minimisation, 
inadequate rating of junction boxes and cable conduit and some structural concerns regarding 
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The photovoltaic industry within Australia has seen a rapid expansion over the past decade as 
can be seen in Figure 1 below, with total installed capacity increasing rapidly from just 0.039 
MWp in 2001 to 300.7 MWp by September 2010, with 190.15 MWp installed in 2010 alone 
[2]. However, due to the relative youth of the industry, there is very little information 
regarding the performance of medium sized roof mounted photovoltaic arrays installed in 
Australian conditions. 
 
Figure 1 Total cumulative and annual installed photovoltaic capacity in Australia [2] 
This paper assesses the performance of the Murdoch University Library Photovoltaic System 
(MULPVS) through analysis of collected data and computer modelling in the photovoltaic 
software analysis package PVsyst. The design and installation of the system is assessed 
against the applicable Australian standards and guidelines and recommendation are made 
where improvements can be made or safety issues are found. 
Through the implementation of a reliable data acquisition and logging system, it is hoped that 
the system may serve as an education and research tool for the university and the community 
as a whole, providing a source of information which can be used within the industry. 
  
































2 System Background 
Under Murdoch University‟s Environmental Sustainability Program, the university 
committed to sourcing 15% of its electricity consumed from renewable energy resources[1]. 
As an extension of this commitment, in 2008 the university installed what was then Perth‟s 
largest solar photovoltaic array [3] on the roof of the South Street campus library. The 
Murdoch University Library Photovoltaic System (MULPVS) has now expanded to 56 kWp 
of installed capacity. 
The first stage of array was installed by Solar Unlimited in 2008, consisting of 192 x 135 watt 
Kyocera poly-crystalline (poly-Si) photovoltaic panels. These were assembled into two 
parallel strings of 24 panels for each of the four SMA 6 kW grid connected inverters 
(sub-arrays 1 to 4), giving a peak output of 26 kW. 
The second stage saw an additional 30 kWp installed in 2009 by Solar PV, consisting of 
171 x 175 watt Sungrid mono-crystalline (mono-Si) PV panels. Five 6 kW SMA grid 
connected inverters were connected to 15 strings of PV panels [4]. Three inverters were each 
supplied by three parallel strings of eleven panels (sub-arrays 6 to 8), and two inverters were 
each supplied by three parallel strings of twelve panels (sub-arrays 5 and 9). Stage two also 
saw the installation of a meteorological sensor box to measure and record ambient and panel 
temperatures, wind speed and solar irradiance. 
Figure 2 shows the physical layout of the array and which inverters are connected to which 
sub-arrays (ie. Inverter 1 = Sub-array 1). The colours are representative of those used in the 
plots for the performance evaluation of section 6. 


































2.1 Array Panels 
2.1.1 Kyocera multi-crystalline 
Electrical characteristics of the Kyocera KD-135GH-2P are listed in Table 1 below. Parameters 
used by PVSyst differ slightly from those provided by Kyocera. PVSyst obtained this 
information from independent testing carried out by Photon Magazine in 2009 (PVSyst panel 
database). The Kyocera KD-135GH-2PU panel tested by Photon has been confirmed to be 
identical to the KD-135GH-2P installed with differences in frame thickness only [5]. Differences 
between voltage and current temperature coefficient parameters between manufacturer‟s data 
and Photon testing are listed below in Table 2. 
Table 1 Key electrical parameters of the Kyocera KD 135GH-2P [6] 
Rated Power 135 W 
Power Tolerance ±5 % 
Open Circuit Voltage (Voc) 22.1 V 
Short Circuit Current (Isc) 8.37 A 
V max power point (Vmpp) 17.7 V 
I max power point (Impp) 7.63 A 
Max System Voltage (Vmax) 1000 V 
Voltage Temperature Coefficient -80.0 mV/°C 
Current Temperature Coefficient 5.02 mA/°C 
Power Temperature Coefficient (of Prated)* -0.46 %/°C 
Values for operation under standard test conditions (STC) 
* Information obtained from PVSyst database 
 




Voltage Temperature Coefficient -80.0 -81.5 mV/°C 
Current Temperature Coefficient 5.02 4.2 mA/°C 
 
2.1.2 Sungrid mono-crystalline 
The key electrical characteristics of the Sungrid SG-175M5 modules are listed in Table 3 below. 
It has been confirmed that the Sungrid panels installed may have been manufactured from 
components from multiple suppliers and been assembled by multiple manufacturers [7]. This 
may result in subtle variations in assembly components and slight differences in electrical 
performance. Therefore information obtained from technical data sheets is only representative of 
typical module electrical characteristics. 
2 
Table 3 Key electrical parameters of the Sungrid SG-175M5 [8]: 
Rated Power 175 W 
Power Tolerance +5, -0 % 
Open Circuit Voltage (Voc) 43.6 V 
Short Circuit Current (Isc) 5.48 A 
V max power point (Vmpp) 35.2 V 
I max power point (Impp) 4.97 A 
Max System Voltage (Vmax) 1000 V 
Voltage Temperature Coefficient (of Voc) -0.38% %/°C 
Current Temperature Coefficient (of Isc) 0.10% %/°C 
Power Temperature Coefficient (of Prated) -0.47% %/°C 
Values for operation under standard test conditions (STC) 
 
2.2 Inverters 
The inverters installed for the MULPVS are nine SMA Sunny Mini Central 6000A, (SMC 
6000A) single phase, galvanically isolated inverters with a maximum AC power output of 6 kW. 
Maximum DC input is 6.3 kW at 600 Vmax and 26 Amax. Up to four inputs are available for 
multiple strings/sub-arrays, however only one maximum power point tracker (MPPT) is 
installed. Key technical parameters are listed in Table 4 below with a more detailed analysis of 
the inverter in Appendix D. 
Table 4 Key electrical characteristics of the SMA SMC 6000A inverters [9] 
Input (DC)   
Max. DC power (@ cos φ =1) 6300 W 
Max. DC voltage 600 V 
MPP voltage range 246 V – 480 V 
DC nominal voltage 270 V 
Min. DC voltage / start voltage 211 V / 300 V 
Max. input current / per string 26 A / 26 A 
Number of MPP trackers / strings per MPP tracker 1/4 
    
Output (AC)   
AC nominal power (@ 230 V, 50 Hz) 6000 W 
Max. output current 26 A 
Power factor (cos φ) 1 




2.2.1 Inverter measurement accuracy 
Dedicated measurement devices were not used for the collection of data for this performance 
evaluation. Each inverter is capable of measuring total energy produced, DC voltage and current, 
AC power, voltage, current and grid frequency as well as total operating hours and operating 
status. Tolerances are based on the maximum value of the operating range and are ±4% for DC 
measurements and ±3% for AC. Table 5 below lists the measured parameters, the maximum 
measured values and the corresponding range for the measurements. 
Table 5 DC and AC measurement tolerances and permissible range 
 
Max. Value Tolerance Range 
Input (DC) 
   
DC voltage 600 V 4% ± 24 V 
DC current 26 A 4% ± 1.04 A 
Output (AC) 
   
AC power 6000 W 3% ± 180 W 
AC voltage 260 V 3% ± 7.8 V 
AC grid frequency 60 Hz 3% ± 1.8 Hz 
Output current 26 A 3% ± 0.78 A 
 
2.2.2 Inverter Efficiency Curve 
Figure 3 shows the efficiency curve for the SMA SMC 6000A inverter at 275 VDC, 380 VDC and 
500 VDC. It can be seen that as the DC input voltage increases, the maximum efficiency of the 
inverter deceases, with maximum efficiency dropping from ~96.3% at 275 VDC to ~94.5% at 500 
VDC. 
 































It was decided to assess the manufacturer‟s inverter efficiency curves against measured 
parameters from the two different module technologies. Three inverters were selected for 
assessment to represent the two panel technologies, with two different string lengths in the case 
of the mono-Si panels for the two different mpp voltages. A summary of the panel and string 
mpp voltages are shown in Table 6 below. As can be seen, the mpp voltages for the poly-Si 
system and the 12 panel per string mono-Si system are only 2 V in difference, with the 11 
panel/string mono-Si system 35 V lower than the 12 panel system. 













One Kyocera 17.7 V 24 424 V -0.36 %/°C 
Five Sungrid 35.2 V 12 422 V -0.38 %/°C 
Six Sungrid 35.2 V 11 387 V -0.38 %/°C 
 
As noted previously, SMA inverter efficiency curves are provided for DC input voltages of 
275 V, 380 V and 500 V. It was therefore necessary to separate the inverter efficiency data into 
bins based on the measurement accuracy range of the inverter, as well as voltages which fell 
outside these bin ranges, to obtain a realistic representation of the actual efficiency curves. These 
measurement bins are shown in Table 7 below. 






275 V 254 – 299 V Orange 
 300 – 355 V Green 
380 V 356 – 404 V Blue 
 405 – 475 V Light Purple 
500 V 476 – 524 V Red 
 
Data for clear sky days for the months of December 2010 to April 2011 was used for this 
analysis, as data logging of meteorological parameters did not commence until November 
26 2010. Clear sky day data was used due to the transients which are introduced with sudden 
variations in solar irradiance and module temperature from cloudy days, producing a large 
degree of scatter. Figure 4, Figure 5 and Figure 6 below show the efficiency curves for the three 
5 
inverters investigated, being inverters four (Kyocera poly-Si, 6.48 kWp), five (Sungrid 12 panel 
mono-Si, 6.3 kWp) and six (Sungrid 11 panel mono-Si, 5.778 kWp).  
 
Figure 4 Inverter four efficiency curves (Kyocera, 24 panels, 6.48 kWp) 
 
 































Inverter Four Efficiency v's AC Power Output
01/12/10 - 30/04/11
Inverter Efficiency at 275 V 275 V < Inverter Efficiency < 380 V Inverter Efficiency at 380 V
380 V < Inverter Efficiency < 500 V Manufacturers Efficiency (275 V) Manufacturers Efficiency (380 V)































Inverter Five Efficiency v's AC Power Output
01/12/10 - 30/04/11
Inverter Efficiency at 275 V 275 V < Inverter Efficiency < 380 V Inverter Efficiency at 380 V
380 V < Inverter Efficiency < 500 V Manufacturers Efficiency (275 V) Manufacturers Efficiency (380 V)
Manufacturers Efficiency (500 V)
6 
 
Figure 6 Inverter six efficiency curves (Sungrid, 11 panels per string, 5.775 kWp) 
As shown in the above plots, all inverters tended to follow the 380 V operating range (356-
404V), for the majority of the higher power outputs with an average of 59.97% of measured 
points occurring within this range. The voltage range between 275 V and 380 V (300-355V) 
makes up 27.51% of measured points. This is despite inverters one and five having MPP 
voltages of 422 V to 424 V. The results are summarised below in Table 8. 
Table 8 Summary of data for given voltage windows 
Inverter 275V 300V-355V 380V 405V-475V 500V Total 
Four 
(Vmmp,stc = 422.4 V) 
243 2400 5813 718 0 9174 
2.65% 26.16% 63.36% 7.83% 0.00% 
 
Five 
(Vmmp,stc = 424.8 V) 
312 2369 5208 1332 0 9221 
3.38% 25.69% 56.48% 14.45% 0.00% 
 
Six 
(Vmmp,stc = 387.2 V) 
286 6339 2577 19 0 9221 
3.10% 68.75% 27.95% 0.21% 0.00% 
 
 
As can be seen, the majority of module operating voltages were considerably less than the MPP 
voltages of the three sub-arrays noted in Table 6, which is consistent with the decrease in voltage 
due to module operation at temperatures higher than the 25°C STC temperature. Calculating the 































Inverter Six Efficiency v's AC Power Output
01/12/10 - 30/04/11
Inverter Efficiency at 275 V 275 V < Inverter Efficiency < 380 V Inverter Efficiency at 380 V
380 V < Inverter Efficiency < 500 V Manufacturers Efficiency (275 V) Manufacturers Efficiency (380 V)
Manufacturers Efficiency (500 V)
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derating coefficients give sub-array one an estimated average module operating temperature of 
60.86°C, with sub-arrays five and six almost identical average module operating temperatures of 
56.93°C and 56.16°C respectively (refer to Table 9). As this also includes periods where ambient 
temperature is relatively low when compared to the maximum, it appears to be a good 
representation of actual module operating conditions. 








Four 369.96 60.86 
Five 371.15 56.93 
Six 341.36 56.16 
 
It can also be seen that due to temperature derating, maximum array output is never achieved, as 
can be seen in Table 10. The Kyocera modules have a maximum DC output of 92.59% of rated 
output, with the 6.3 kWp Sungrid sub-array achieving a maximum DC output of 88.25% and the 
5.8kWp sub-array achieving 88.14% of rated output. Maximum inverter efficiency is very 
similar, at 95.93% for the Kyocera sub-array, although this may be an outlier as can be seen 
from Figure 4, which would then give a maximum efficiency of 95.61%, with 96.49% (6.3 kWp) 
and 95.81% (5.8 kWp) for the two Sungrid sub-arrays. Although operating at slightly lower 
MPP voltages which should result in higher inverter efficiencies, inverter six appears to have 
slightly lower overall efficiency. However, due to the accuracy of measurements from the 
inverters, this cannot be considered definitive. 
















Four 6.48 6.00 92.59 5.68 436.3 95.61 92.50 
Five 6.3 5.56 88.25 5.27 470.1 96.49 92.35 
Six 5.775 5.09 88.14 4.84 441.9 95.81 92.33 
 
These inverters were selected to be indicative of all inverters for the array. However, it has been 
found through inspection of data for inverters one and nine that the operation of these inverters 
follows the 380 V and 380 V – 500 V ranges more closely. It is unclear as to why this may occur 
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due to the components of the sub-arrays being the same and may warrant further investigation to 
ascertain the reasoning for this difference in operational voltages. 
 
Figure 7 Inverter one efficiency curves (Kyocera, 24 panels, 6.48 kWp) 
 
































Inverter One Efficiency v's AC Power Output
01/12/10 - 30/04/11
Inverter Efficiency at 275 V 275 V < Inverter Efficiency < 380 V Inverter Efficiency at 380 V
380 V < Inverter Efficiency < 500 V Manufacturers Efficiency (275 V) Manufacturers Efficiency (380 V)































Inverter Nine Efficiency v's AC Power Output
01/12/10 - 30/04/11
Inverter Efficiency at 275 V 275 V < Inverter Efficiency < 380 V Inverter Efficiency at 380 V
380 V < Inverter Efficiency < 500 V Manufacturers Efficiency (275 V) Manufacturers Efficiency (380 V)
Manufacturers Efficiency (500 V)
9 
3 System Losses 
3.1 Temperature 
Due to high summer temperatures and irradiance levels, module operating temperature is the 
most significant factor reducing power output for the MULPVS. As noted in the module 
specifications above, both technologies experience similar power derating due to temperature, 
with the poly-Si reducing power output by 0.46 %/°C and the mono-Si by 0.47 %/°C. This is 





Figure 9 Temperature effect on power output and voltage of (a) Kyocera (poly-Si) modules and (b) Sungrid (mono-Si) 
modules (Images extracted from PVSyst) 
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With the recommendation in Australian Standard 4509.2 for a 25°C operating temperature above 
ambient, days where module temperature exceed 60°C would not be uncommon, and as 
demonstrated in section 2.2.2 above, on clear sky days through December to April, average 
module operating temperature was calculated at or around 60°C. At these temperatures, both 
systems would expect to see overall array efficiency drop by around 14%. Due to the systems 
sheltered location and roof mounting limiting ventilation; it may be expected for operating 
temperatures to well exceed this 25°C recommendation. Therefore, this recommendation will be 
investigated further in this paper. 
Also, due to cabling being positioned on the rear of the modules, temperature derating of cables 
results in a reduction in current carrying capacity. For single core X90 copper cable operating at 
60°C, AS3008 gives a derating of 27% off nominal current carrying capacity. Therefore, high 
operating temperatures can increase system costs by requiring the use of larger cables with 
higher current carrying capacities. 
 
3.2 Shading 
Shading is the next most influential factor on the performance of the system, with significant 
shading from trees within Bush Court from May to August, with early morning and late 
afternoon shading also occurring around October to February, caused by the air conditioning 
vents on the roof of the library and trees outside of Bush Court. 
Besides the impact shading has on the power output of the array, partial shading of PV modules 
without bypass diodes results in the power of the module being limited and can result in the 
power of the non-shaded cells being dissipated in the few shaded cells, known as hot-spot 
heating. Hot spot heating can lead to damage to the module glass, melting of joints and 
breakdown of the p-n junction of the cells [10]. For this reason, modules are fitted with bypass 
diodes to allow the power generated by the non-shaded cells to be bypassed around the shaded 
cells. 
The Kyocera KD135GH-2P is fitted with 2 bypass diodes [11], one for every 18 cells in series, 
with the Sungrid SG-175M5 fitted with 3 diodes [12], again one for every 24 cells in series . 
This is shown in Figure 10 below.  
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Figure 10 Kyocera KD135GH-2P (a) and Sungrid SG-175M5 (b) modules with bypass diodes 
 
This then creates a second problem for maximum power point (MPP) tracking when partial 
shading of modules or strings occurs. Figure 11 below shows how when a module with bypass 
diodes is partially shaded, multiple MPP‟s can occur. For strings, or multiple strings, there may 
be many MPP‟s as shown in Figure 12. 
 
 




Figure 12 Effect of partial shading on a string of modules [13] 
 
It is discussed further in Appendix D that the SMA SMC 6000A inverters intermittently test the 
strings/sub-arrays by altering the resistance of the MPPT to scan the voltage range of the array to 
ascertain the highest MPP which overcomes these issues. 
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4 Data Collection 
4.1 Parameters and Method 
Data was collected in accordance with the international standard IEC 61724 
Of the parameters measured as standard by the nine SMA SMC 6000A inverters, only the 
following parameters are used in the performance evaluation 
E-Total Total energy fed to grid 
Iac-Ist Grid current 
Ipv DC current (PV array) 
Pac Generated AC power 
Uac Grid voltage 
Upv-Ist PV input voltage 
 
In addition to the standard inverter parameters, the SMA SensorBox records the following 
meteorological parameters: 
IntSolIrr Internal solar radiation level 
TmpAmb C Ambient Temperature 
TmpMdul C Module Temperature 
WindVel m/s Wind Speed 
 
The inverters and SensorBox were all set to take five minute averages of measured data at an 
unknown sample rate, which was then stored in comma separated variable (CSV) files for 
download. Automatic data uploading has also been enabled and is discussed in Appendix B. 
Issues with the SMA SensorBox prevented data from being recorded until November 26
th
 2010, 
when solar radiation, module temperature and wind speed were brought on line. Ambient 





5 Data Correlation 
The MULPVS SensorBox measures solar radiation from an amorphous silicon (a-Si) cell, with 
ambient and module temperature sensors and a wind anemometer. The Sensorbox is located on 
the eastern end of the system (refer to Figure 13 and Figure 14) and is mounted to the edge of the 
roof structure, with another roof structure below which extends behind to the south, resulting in 
some sheltering from winds from the south through to west 
 
Figure 13 Overview of location of array with meteorological sensors circled 
 
Figure 14 Location of array meteorological sensors 
As previously noted, the SMA Sensorbox installed as part of the second array was discovered to 
be in a non-functioning state with no meteorological or module measurements being taken or 
recorded. For this reason, a data correlation study was conducted to ascertain if measurements 
15 
obtained from Murdoch University‟s Environmental Science Meteorological (MET) station 
could be used to infer measurements missing from the array sensorbox. The main aim of this 
correlation analysis is to obtain module operating temperatures from the commencement of the 
data acquisition period. The proximity of the Murdoch MET station, although not ideal, is 
approximately 1km away to the south east as shown in Figure 15. 
 
Figure 15 Murdoch campus showing latitude and longitude for the PV system and weather station and approximate 
separation distance 
(Image: Google Maps, http://maps.google.com.au/) 
The Australian Standard AS4509.2, section 3.4.3.7, states that a temperature of 25 C above 
ambient is to be used when derating the performance of an array during the sizing process. 
Therefore, it is also desirable to ascertain if this is applicable to arrays mounted on sheltered 
rooftops, or if a higher temperature correction factor should be used when designing PV systems, 
particularly for stand alone purposes where it may be the sole source for electrical power 
generation. 
The data recovery rate between November 27
th
 2010 and May 31
st
 2011 was 97.63%. However, 
ambient temperature did not commence recording until 12:10 on March 4
th
, 2011.  
The SensorBox and inverters were set to record averages of readings during 5 minute intervals. 
However, as the MET station records averages every 10 minutes, the 5 minute averaged 
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measurements from the array Sensorbox were again averaged to obtain a corresponding 10 
minute average for use in the correlation study. 
Five minute averages of each of the following parameters are recorded by the SMA SensorBox, 
with two five minute then being averaged to obtain a 10 minute average which corresponded 
with the MET station data time step: 
 Wind speed (m/s) 
 Solar radiation on the plane of array (W/m2) 
 Ambient temperature (°C) 
 Module temperature (°C) 
Parameters obtained from the Murdoch Met station are [14]: 
 Wind direction (10 minute averaged - degrees with north = 0°) 
 Wind speed (Instantaneous - knots) 
 Horizontal solar radiation (10 minute averaged - W/m2) 
 Ambient temperature (Instantaneous - °C) 
As data was only required during periods of power generation, when solar radiation levels were 
high enough to activate the SensorBox and the inverters, solar radiation measured from the 
SensorBox was used to filter subsequent unwanted data from both the SensorBox and Met 
station for the analysis. 
5.1 Solar Radiation Measurements 
The Murdoch met station uses a Middleton SK01 Pyranometer which measures global short 







). The PV array sensorbox measuring solar radiation on the plane of array, being an angle 
of 23°, facing approximately due north, averaging over 5 minutes in Wm
-2
. Magnetic declination 
is currently -1.978° [16] (for January 2011), making it difficult to obtain an accurate 
measurements of true north. 
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5.2 Module Operating Temperatures 
It was decided that two methods for the calculation of past module temperatures from August to 
November 2010 would be used. The first was a standard linear regression model which used the 
difference between ambient and module temperatures versus solar irradiance levels. This is a 
common model first introduced by Ross & Smokler [17] and is shown in Figure 16 below. It 
found that the average module operating temperature could be represented by the equation: 
 
Where S = solar radiation in mW/cm
2
, Tamb = ambient air temperature. 
 
Figure 16 Correlation of module temperature with ambient temperature and solar radiation [17, 18] 
The second was based on the Normal Operating Cell Temperature (NOCT) proposed by Ross 
[10, 18]. 
 
NOCT is the temperature at which the module operates when subjected to 800W/m
2
 irradiance at 
20°C with 1m/s wind. This is 49°C for the Kyocera modules [6] and 45°C for the Sungrid 
modules [8]. It should be noted that the module temperature sensor is located on the eastern end 
of the array and is attached to a Sungrid mono-Si module. Therefore the NOCT temperature for 
the Sungrid module was used. 
Tmod  0. 35S  Tamb
Tmod  Tamb  NOCT20800  S
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These two models were seen as the most effective given the meteorological parameters available 
for the calculations. Balog, Yingying, and Uhrhan [19], propose producing first order non-linear 
ODE‟s from energy balances using MATLAB, while Tina and Scrofani [20] uses mathematical 
and thermal models from measured meteorological parameters including relative humidity, as 
well as the electrical operating point for the module as determined by the MPPT. However, these 
methods required detailed information from the position of the array which was not available for 
the time period required and with the measurement instruments available. 
Due to the lack of data from the array Sensorbox, it was only possible to use MET station data 
for the analysis. Figure 17 shows the correlation between the difference of MET ambient and 
module temperature versus MET solar radiation. Due to the large distance between the array and 
the MET station and that the MET solar radiation sensor measures horizontal radiation and not 
plane of array radiation, a large degree of scatter is seen. The final equation for the regression 
model was found to be: 
 




Figure 17 Correlation of ambient and module temperature difference v’s MET solar radiation 
Figure 18 shows the results of the regression model, which appears to be an acceptable result 
with a trend fit of 0.9773. The degree of scatter, although not ideal, is acceptable. 
































PV Array Solar Irradiance
(W/m2)
Ambient/Module Temperature Difference v's MET Solar 
Radiation - 27/11/10 - 30/04/11
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Figure 18 Calculated module temperature from linear regression analysis v’s measured module temperature 
The results of the NOCT model are shown in Figure 19 and shows a marginally more acceptable 
fit than the regression model, with a trend fit of 0.9978 and almost identical scatter. 
 
Figure 19 Calculated module temperature from NOCT model v’s measured module temperature 
Table 11 shows the average calculated module temperature in comparison to the measured, with 
the percentage error. The regression model‟s average at 39.7°C with an error of 1.78% was 
higher than the NOCT which had an average of 40.7°C and an error of 0.69%. Based on this and 






































Linear Regression Calculated v's Measured Module





































NOCT Model Calulated v's Measured Module Temperature
from MET Station Solar Radiation
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Table 11 Average measured and calculated module temperatures for both regression and NOCT models 
Average Measured Module 
Temperature 
(°C) 
Average Regression Module 
Temperature 
(°C) 
Average NOCT Module 
Temperature 
(°C) 
40.42 39.70 (1.78 %) 40.70 (0.69 %) 
 
5.3 Wind Speed Correlations 
Wind speed data obtained from the Murdoch Met station is instantaneous wind speed every 10 
minutes in knots, which results in large errors when converted to meters per second and can be 
seen by the banding present in Figure 20. Due to this rounding and the shielding of the PV array 
anemometer, correlation between the two appears to be rather weak as can be seen from the plot, 
which shows quite a large amount of scatter. 
 
Figure 20 Murdoch MET Station v’s PV Array Wind Speed Correlation 
A histogram of wind direction (Figure 21) shows that a majority of wind comes from the 
southern regions, represented by green (east to south-south east) and red (south to west), which 
is consistent with the weather patterns seen for Perth at this time of year. With the wind 
anemometer mounted on the eastern end of the roof, winds from E to S-SE is likely to cause a 
compression of the wind which would result in faster wind speed or turbulent gusty conditions, 
with winds from S to W being heavily affected by shading from the building. For these reasons 
inclusion of the wind speed in a module temperature model would not be possible. Also, it is 
believed that as the array is on a north facing roof, winds from these directions would have little 
influence on the array. 
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Figure 21 Wind Direction Histogram (Murdoch MET Station) 
To confirm this, several days were assessed to see if a correlation between wind speed and 
module temperature could be found. Figure 22 is representative of a typical summer day, 
showing ambient and module temperatures, solar radiation and wind speed. As can be seen, 
wind speed has little to no influence on the operating temperature of the system with solar 
radiation the main factor causing fluctuations in module temperature. 
 

























5.4 Module Operating Temperatures 
The NOCT model was used to calculate past module operating temperatures and differences 
between ambient and module temperature for monthly average maximum daily and monthly 
average daily for irradiance over 210 W/m
2
. This value is selected as it forms the minimum solar 
radiation level at which sunshine hours are measured using the Campbell-Stokes recorder [10]. It 
was chosen to analyse the temperature difference as the Australian Standards do not state if the 
recommendation for 25°C above ambient is based on average daily maximum temperature, 
average daily temperature or average daily sun-up temperature. 
Table 12 shows the results for the monthly average daily maximum temperature difference. 
 
The calculated values appear slightly on the high side considering the time of year, with an 
average of 31.1°C and maximum of 44.9°C, which is higher than the measured values of 31.4°C 
and 42.7°C for average and maximum respectively. Total average for the assessment period was 
31.3°C, which is significantly higher than the standard. 
Table 12 Results of monthly average daily maximum temperature difference 
Month  


































Total Average  31.3 
 












S  210 W/m 2
No.of days in month
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As can be seen, these values are much lower than as in Table 12 which is to be expected. 
Calculated daily average temperature difference is 19°C for August to November, with measured 
average difference at 19.4°C. Again the calculated values appear to be slightly on the high side 
given the time of year. 










































Total Average  18.8 
 
5.5 Recommendations 
Due to the sheltered position of the array, the existing position for the SMA SensorBox is not 
ideal. The temperature sensor is located on the eastern most string where it would not be subject 
to radiant and convective heating effects which are likely present in the centre of the array due to 
the lack of ventilation. Also, in its existing position, the solar radiation sensor experiences 
afternoon shading during winter months, making its use for the calculation of performance 
indices difficult. 
Finally, the current position for the wind sensor provides very little indication as to the wind 
experienced by the array due to it being exposed to a greater degree of winds from the south to 
east. Therefore, it is recommended that the SensorBox, wind anemometer and module 
temperature sensor be relocated to a more central location of the array, possibly above or below 
the Kyocera panels where shading should not be an issue. This would provide a more accurate 
indication of the meteorological parameters that the majority of the array would be experiencing. 
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6 Performance Analysis 
This performance analysis has been undertaken with respect to IEC 61724 Photovoltaics system 
performance monitoring – Guidelines for measurement, data exchange and analysis [21]. 
6.1 Measurements 
IEC 61724 stipulates that monitoring equipment should have measurement accuracies as set out 
in Table 14. 
Table 14 IEC 61724 measurement accuracy requirements [21] 
Measurement Accuracy  
Solar Radiation ± 5 %  
Ambient Temperature ± 1 K (1 °C)  
Module Temperature ± 1 K (1 °C)  
Wind Speed ± 0.5 m/s Wind speed ≤ 5 m/s 
 ± 10 % Wind speed > 5 m/s 
Voltage and Current ± 1 %  
Power ± 2 %  
Sampling interval s < 1 min For parameters which change with irradiance 
 1 < s < 10 min For parameters with slower response times 
 
As no dedicated measurement equipment was used for this performance assessment, data 
obtained from the inverters and sensors was used, as well as from the Murdoch MET station and 
Bureau of Meteorology (BoM). Measurement accuracy of the SMA inverters and sensors are 
noted in Table 15 and Table 16 below, with Murdoch MET station instruments and accuracies in 
Table 17 and BoM measurements and accuracies in Table 18. 
Table 15 Measurement accuracies of parameters for the SMA SMC 6000A inverters 
Measurement Max. Value ± Accuracy Range 
Input (DC) 
   
DC voltage  600 V 4% ± 24 V 
DC current  26 A 4% ± 1.04 A 
Output (AC) 
   
AC power  6000 W 3% ± 180 W 
AC voltage  260 V 3% ± 7.8 V 
AC grid frequency  60 Hz 3% ± 1.8 Hz 




Table 16 Measurement accuracies of meteorological parameters for the SMA Sensorbox [22] 
Measurement  Range Accuracy Resolution 
Solar Radiation  0 – 1500 W/m2 ± 8 % 1 W/m2 
Ambient Temperature  -25 - +70 °C Not specified Not specified 
Module Temperature  -20 - +110 °C ± 0.5 °C 0.1 °C 
Wind Anemometer  Not specified Not specified Not specified 
 
Table 17 Measurement accuracy for Murdoch MET station data [23] 
Measurement Model Range Accuracy 
Temperature Rotronic Pt 100 temperature sensor [24] -40°C - +60°C ± 0.3 °C 
 Rotronic MP 100A hygrometer [24] 0%-100% ± 1.0 % 
Solar Radiation Middleton SK01 Pyranometer [25] 0–2000W/m2 ± 3.0 % 
Wind Speed Synchrotac 706 Series Wind Speed Transmitter [26] >100m/s ± 3.0 %* 
Wind Direction Synchrotac 706 Series Wind Direction Transmitter [26] 360° 
Not 
specified 
* for wind speeds grater than 5m/s 
 




7% for clear sky days 
Up to 20% for cloudy days 
Temperature ± 0.5 °C 
 
As can be seen, with the exception of module temperature, none of the measurements obtainable 
by the SMA components comply with IEC 61724 and this may cause some anomalies and 
discrepancies in the data collected. Instruments used at the Murdoch MET station are within the 
requirements of the IEC standard. 
Temperature data obtained from BoM, is within the requirements of IEC 61724 at ± 0.5 °C [28] 
with solar radiation falling outside the accuracy requirements at 7 % for clear sky days and up to 
20 % for cloudy days [29]. Solar radiation measurements are calculated from using hourly cloud 
albedo values and data from the geosynchronous satellite MTSAT-2 [30] which result in large 
accuracy errors. 
From the above information, results obtained from the performance evaluation are not accurate 




Analysis of the data obtained from the array according to IEC 61724 involved the derivation of 
several performance indices. These being: 
 Specific Array Yield    (YA) 
 Final PV System Yield   (Yf) 
 Reference Yield    (Yr) 
 Array Capture Losses    (Lc) 
 Balance of System (BOS) Losses  (LBOS) 
 Performance Ratio    (RP) 
 Mean Array Efficiency   (ηAmean,τ) 
 Overall PV Plant Efficiency   (ηtot,τ) 
The recording interval (τr) is the time period in which data was recorded, with standard intervals 
being: 
 Total recording period 
 Monthly 
 Daily (Average) 
Monthly yields were obtained by taking the final energy produced value for each sub-array 
(inverter) and subtracting the first energy produced value, giving the total energy produced over 
the month. Average daily yields were obtained by taking the monthly yields and dividing by the 
number of days within that month. 
Total system yields were obtained by the combination of the sub-array (inverter) outputs. Where 
comparisons between the two installations were made, outputs for the inverters of each 
installation were combined. 
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6.2.1 Specific Array Yield 
Specific array yield (YA) is the daily net energy output of the array per installed kWp of 
capacity. It can be expressed as the amount of power produced in kWh per kWp of installed 
capacity and can also be expressed as the number of hours the array would be required to operate 
at the rated peak output to produce the same power output as was produced over the time 
interval the data was recorded. 
 
Where EA is the energy produced by the array and Prated = rated power output of the array 
6.2.2 Final PV System Yield 
IEC 61724 notes the final PV system yield (Yf) as the daily net energy output of the entire PV 
plant which is exported to the grid, including efficiencies and losses of the system and inverter, 
per kWp of installed capacity. It is expressed either as the number of hours the array would be 
required to operate at its rated output to produce the same amount of energy as was exported 
over the recording interval, or could also be expresses as the ratio of kWh produced per kWp of 
installed capacity. 
 
Where , with ηinv = Inverter efficiency and ETUN = Energy delivered to the grid. 
6.2.3 Reference Yield 
Reference yield (Yr) is the in-plane solar irradiation divided by the solar radiation used under 
standard test conditions (STC), being 1.0 kW/m
2
, and is the number of hours of solar radiation 
received by the array at STC. 
 




























6.2.4 Array Capture Losses 
Array capture losses (Lc) is the difference between the reference yield and array yield and is the 
quantity of energy which is lost during normal operation of the array due to temperature 
derating, DC cable losses, inverter efficiency, dirt build-up, shading, module mismatch, 
tolerances and degradation. 
 
6.2.5 Balance of System (BOS) Losses 
Balance of system losses (LBOS) are the losses associated with the delivery of energy produced 
by the array to the load. In the case of the MULPVS, with no storage systems, the only losses are 
associated with the inverter. 
 
 
6.2.6 Performance Ratio 
The performance ratio (RP or PR) of the array and sub-arrays is the overall conversion efficiency 
of the energy received by the array which is exported to the grid which can also be expressed as 
a percentage. This quantity accounts for losses associated with Array Capture Losses as well as 
inverter efficiencies. 
 
6.2.7 Mean Array Efficiency 
Mean array efficiency is the total efficiency of the system to convert the solar radiation which is 
received by the total area of the array (Aa). 
 
  
Lc  Yr  YA
LBOS  YA  1  BOS   YA  1  inv   YA  1 
ETUN
EA





















6.2.8 Overall PV Plant Efficiency 
Overall plant efficiency (ηtot) is the combination of the mean array efficiency (ηAmean) and the 
balance of load efficiency (ηBoS). Where ηBoS = ηinv. Therefore ηtot = ηAmean x ηinv. 
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7 Performance Results 
7.1 Method for Solar Radiation Data Validation 
Solar radiation data used in the assessment of the system was obtained from BoM [31], Murdoch 
station, station number 009187. This was done as the coordinates for the BoM Murdoch station 
were very close to those for the Murdoch Met station, being 115.83°E 32.07°S and 115.84°E 
32.07°S respectively.  
It has been confirmed that solar radiation data obtained from the BoM Climate Data site is 
derived from satellite information [32]. BoM states this data as having an error of 7% for clear 
sky days and up to 20% for cloudy days [29] as noted in  
Table 18 previously. 
Monthly daily average solar radiation data was used for the analysis, where it was decided that a 
conversion factor for each month of horizontal irradiance data be used to obtain equivalent tilted 
irradiance levels for use in the calculation of performance indices due to the difficulties in 
converting hourly or daily horizontal irradiance measurements to tilted. This was done using the 
Solar04 Excel spreadsheet (provided by Dr Trevor Pryor of Murdoch University) [33]. 
Confirmation of the validity of data assessed to be questionable was undertaken through 
comparisons of the daily radiation outputs with BOM Global Solar Exposure maps [34] as seen 
in Figure 23 below. Validation of data was required as initial analysis of the data obtained for the 
month of September found that two days of data were questionable, with data for September 17
th
 
missing and September 15
th
 being only partial. This resulted in the reduction of the average daily 
solar radiation for the month, giving higher than expected performance ratios for the month. 
Assessment of data for the next nearest measurement station, Jandakot Airport, also showed the 
same data was omitted from that data set and was therefore not able to be substituted. 
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Figure 23 Example of a BoM solar exposure map used for data verification [34] 
To ensure continuity between array, MET and BoM data sets, where data was not available or 
was required to be omitted due to inconsistencies, data was omitted from the corresponding data 
sets. In the case of solar radiation data, the two days noted above were omitted due to 
inconsistencies in the BoM data set, with the corresponding energy production data being 
omitted from calculations.  
Where maintenance was carried out on the array SensorBox, the inverter communication cables 
were disconnected, preventing the recording of inverter parameters. Therefore the difference 
between the final inverter reading before being disconnected and the first reading when 
reconnected was calculated. Using the solar radiation data for the days where data was missing, 
the approximate performance ratio for that month and the time the data was missing; an 
approximate energy quantity was derived as per the calculation below. 
 
Where Eapprox = Estimated energy produced by the array or sub-array, Prated = Rated power of the 
array or sub-array, H = Solar radiation received by the array or sub-array for the day or days in 
question, PR = approximate performance ratio for the month, t = estimate of time as a 
percentage of the daily solar radiation where data is missing. 
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If this quantity provided reasonable approximation with the energy generated over the time 
period, the data was said to be accurate enough to remain. However, it was confirmed with 
Michael Greiff, formerly of SolarPV, that testing of the communications system after 
maintenance work was carrier out required the switching off of inverters for between 20 – 30 
minutes [35]. Therefore, the analysis was also carried out with days where data was missing 
being omitted. Corresponding solar radiation data was also omitted from the BoM data set. Dates 
where both array and solar radiation was omitted are listed below in Table 19 along with the 
total system output omitted. 
Table 19 Dates and array yields omitted due to gaps in data 
Date/s Omitted 
Array Output Omitted 
(kWh) 
20/08/10 – 23/08/10 976.5 
25/08/10 299.6 









01/03/11 – 03/03/11 1015.8 
25/03/11 – 26/03/11 623.3 
24/05/11 115.5 
Total = 25 days 7192.1 kWh 
 
7.2 Solar Radiation Data Trend 
Figure 24 shows the plane of array monthly average daily solar radiation for the analysis period 
with the monthly average for all years overlayed. These values were obtained from the BoM 
climate data website and again converted using the Solar04 spreadsheet. As can be seen, most 
months obtained above average solar radiation levels, with December and January receiving 
approximately average radiation.  
Table 20 lists the monthly average solar radiation on the plane of array with the yearly average 
as well as the difference between them. This shows that energy production over the analysis 
period is expected to be above what would be the average output for the system. This may also 
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result in lower than average performance ratios due to array efficiency being directly related to 
operating temperature which is partially dependant on solar radiation levels. 
 
Figure 24 Solar radiation on the plane of array for the analysis period with yearly average 
 


















Aug-10 167.39 140.62 26.77 
Sep-10 199.36 157.62 41.74 
Oct-10 232.53 203.08 29.45 
Nov-10 229.39 216.08 13.31 
Dec-10 242.67 242.67 0.00 
Jan-11 241.65 240.86 0.78 
Feb-11 220.97 205.06 15.91 
Mar-11 235.99 198.97 37.02 
Apr-11 186.82 155.13 31.70 

































Incident Radiation on Plane of Array




7.3 System Yields 
Total system yield was calculated by taking the first and last AC power exported values for each 
inverter for each month which were then totalled. Over the ten month analysis period, total 
system production was 89.32 MWh with a system yield factor of 1560 kWh/kWp. Production 
peaked in October 2010 with 10.23 MWh, with a minimum of 6.66 MWh produced in 
May 2011. Individual sub-array energy production is shown in Figure 25 below.  
 
 
Figure 25 Sub-array monthly power production 
Table 21 lists the monthly total power production for each inverter as well as the verified data 
set, where days of partial data or where communications break downs resulting in data loss were 
omitted as noted previously in Table 19. As can be seen, the verified data set sees a loss in 
overall production of 6.64 MWh over the analysis period, with November 2010 seeing a loss of 
1.88 MWh due to the loss of seven days of data. Decenber 2010, January 2011 and April 2011 


























Monthly Sub-array Power Production
Sub-array 1 Sub-array 2 Sub-array 3 Sub-array 4 Sub-array 5
Sub-array 6 Sub-array 7 Sub-array 8 Sub-array 9
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Aug-10 7.40 6.13 1.28 
Sep-10 8.27 7.84 0.43 
Oct-10 10.23 9.70 0.53 
Nov-10 9.49 7.61 1.88 
Dec-10 10.19 10.19 0.00 
Jan-11 9.94 9.94 0.00 
Feb-11 9.07 8.31 0.77 
Mar-11 10.02 8.38 1.64 
Apr-11 8.04 8.04 0.00 
May-11 6.66 6.55 0.12 
Total 89.32 82.69 6.64 
 
Monthly yield factors were fairly consistent across each sub-array with a system wide maximum 
of 183.3kWh/kWp for October and a minimum of 118.3kWh/kWp for May. Figure 26 shows the 
average monthly yield factors for each sub-array, with a summary of the average monthly 
system yield factors shown in Table 22 below. 
 
 

































Monthly Inverter Yield Factors
Sub-array 1 Sub-array 2 Sub-array 3 Sub-array 4 Sub-array 5
Sub-array 6 Sub-array 7 Sub-array 8 Sub-array 9
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As can be seen from these results, the Kyocera (poly-Si) sub-arrays performed consistently 
higher than the Sungrid (mono-Si) sub-arrays with overall averages of 161.6kWh/kWp for poly-
Si and 158.5kWh/kWp for mono-Si. This may be due to Kyocera being a manufacturer of both 
the cells and modules, quality control may be considered to be slightly tighter than those of the 
mono-Si modules, which have cells manufactured by several manufacturers and modules 
assembled elsewhere, again by several manufacturers [7]. This results in slightly different 
electrical characteristics between batches with modules not operating as specified on the 
technical data sheets. 
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System Poly Mono 
Aug-10 133.3 135.7 134.1 132.9 131.0 130.1 132.3 132.8 130.5 132.6 134.0 131.3 
Sep-10 148.6 150.7 148.9 148.8 146.1 147.4 147.2 147.3 147.6 148.1 149.2 147.1 
Oct-10 184.1 186.5 183.6 183.9 180.7 182.8 182.4 182.6 182.4 183.3 184.5 182.2 
Nov-10 171.1 173.8 170.4 170.9 168.3 169.2 169.7 169.6 166.4 170.0 171.6 168.6 
Dec-10 184.6 187.1 183.1 183.6 180.4 181.2 181.9 181.9 177.9 182.5 184.6 180.7 
Jan-11 180.2 182.8 179.0 179.4 175.7 176.6 177.1 177.2 173.5 178.0 180.3 176.0 
Feb-11 163.8 166.3 163.4 163.5 160.3 161.3 161.7 161.7 159.9 162.5 164.3 161.0 
Mar-11 180.2 182.9 180.3 180.5 176.4 178.1 178.2 178.4 178.8 179.4 181.0 178.0 
Apr-11 144.8 147.2 145.4 145.0 142.1 141.8 143.4 143.7 142.3 144.0 145.6 142.7 
May-11 119.8 123.1 122.8 119.6 116.7 117.8 117.3 117.4 118.3 119.3 121.3 117.5 




From inspection of the above data, it can be seen that sub-array 2 has consistently higher power 
yields than the three systems of the same size and technology (inverters 1 to 4). Analysis of the 
inverter data for sub-arrays 1 to 4 for a typical clear sky day shows that DC current input and AC 
power output are both higher for sub-array 2 than sub-arrays 1, 3 and 4 (refer to Figure 28 and 
Figure 27 below). From this, it is hypothesised that the higher outputs are due to measurements 
from the inverter being on the higher end of the uncertainty range, resulting in the higher power 
yields. As noted previously, inverter measurement accuracy is noted as being 4% for DC current 
and voltage (± 1.04 A and ± 24 V respectively) and 3% for AC power (± 180 W) with these 
measurements fitting within this range of uncertainty. 
 
Figure 27 Sub-arrays 1 to 4 average and peak DC currents 
 
Figure 28 Sub-arrays 1 to 4 average and peak DC power output 
16.50 16.70 16.64 16.57
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This is further reinforced by assessing the power produced over a month, this being April due to 
no loss of data from communications errors or maintenance work (refer Figure 29 below). By 
applying a trend line to the energy exported to the grid, it is shown that sub-array 2 has a steeper 
trend than sub-arrays 1, 3 and 4, indicating consistently higher power output when exposed to 
the same conditions. 
 
 


































































































































































8 Performance Ratios 
8.1 Complete Data Set 
Figure 30 shows the average monthly sub-array performance ratios (PR) for the analysis period. 
It was found that the average performance ratio over the analysis period was 0.759 with an 
average range across the sub-arrays of 3.2% between minimum and maximum, and a maximum 
range of 3.9% for January and a minimum range of 2.5% for September and October (refer to 
Table 23) September saw the highest PR of 0.796, which is unexpected as PR drops off with 
increasing temperature with September‟s monthly average maximum temperature being 2.8 °C 
higher than for August. Analysis of data for early August shows some shading occurring across 
inverters 5 to 8 throughout the day, resulting in the slightly lower PR observed.  
 



















Monthly Sub-Array Performance Ratios
Sub-array 1 Sub-array 2 Sub-array 3 Sub-array 4 Sub-array 5
Sub-array 6 Sub-array 7 Sub-array 8 Sub-array 9
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Aug-10 0.792 0.777 0.811 0.034 
Sep-10 0.796 0.785 0.810 0.025 
Oct-10 0.788 0.777 0.802 0.025 
Nov-10 0.741 0.725 0.758 0.032 
Dec-10 0.752 0.733 0.771 0.038 
Jan-11 0.737 0.718 0.756 0.039 
Feb-11 0.735 0.724 0.753 0.029 
Mar-11 0.760 0.748 0.775 0.027 
Apr-11 0.771 0.759 0.788 0.029 





As can also be seen in Figure 30, sub-array 2 has an approximately 1% higher PR across the 
analysis period. As noted previously, it is assumed that this is due to measurement errors within 
the inverter which result in higher readings. 
 
Figure 31 Comparison between poly-Si and mono-Si PR’s with solar radiation, ambient and module temperatures 
 
Figure 31 shows the average monthly performance ratios for both poly-Si and mono-Si systems 
with calculated and measured monthly average daily module temperatures, measured monthly 
average daily maximum ambient temperature (BoM) and monthly average daily solar radiation. 
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Average Average Daily Solar Irradiance
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mono-Si systems. It should be noted that the poly-Si modules have a slightly lower power 
temperature coefficient of -0.46 %/°C (as tested by Photon Magazine in 2009, PVSyst) in 
comparison with the mono-Si modules of -0.47 %/°C. 
It is possible that this difference could be due to measurement errors, particularly within inverter 
2. However, with the omission of sub-array 2‟s data set, the poly-Si systems still see an average 
1.2% higher PR than for mono-Si. It is also assumed that some evening out of measurement 
errors would occur across all inverters. 
It is therefore likely due to the poly-Si system being manufactured to stricter tolerances (cell 
mismatch). The average difference in performance ratios is 1.5 %, with a maximum of 2.3 % for 
May, which is likely due to the mono-Si arrays being influenced by shading effects due to its 
proximity to trees in Bush Court than the poly-Si, and a minimum of 1.0 % for October. It can 
also be noticed that performance ratio dropped in line with the increase in monthly mean 
maximum temperature, solar radiation and consequently module temperature. With the error for 
the measured AC power at 3%, these values are within the inverter errors. 
8.2 Validated Data Set 
Comparison of data where days containing missing data have been omitted against the full data 
set show little change from month to month as can be seen from Figure 32 and Table 24 with the 
average performance ratio over the analysis period being the same for both at 0.759.  
 




























Table 24 Table showing monthly and analysis period performance ratios for the complete and validated data sets 








Aug-10 0.792 0.799 +0.74% 
Sep-10 0.796 0.796 +0.04% 
Oct-10 0.788 0.773 -1.55% 
Nov-10 0.741 0.753 +1.22% 
Dec-10 0.752 0.747 -0.50% 
Jan-11 0.737 0.737 +0.04% 
Feb-11 0.735 0.729 -0.59% 
Mar-11 0.760 0.763 +0.32% 
Apr-11 0.771 0.770 -0.12% 
May-11 0.719 0.727 +0.77% 





8.3.1 Module Temperature 
Power reduction due to module operating temperature is the largest influence on array 
performance and is directly affected by solar radiation levels and ambient temperature as can be 
seen in Figure 33 below, which shows the difference between the module and MET ambient 
temperatures in relation to MET horizontal solar radiation. For each degree the modules operate 
at over 25 °C, maximum power is reduced. The poly-Si modules have a power temperature 
coefficient of 0.46 %/°C with the mono-Si modules 0.47 %/°C. Maximum module temperature 
during the analysis period was found to be 77.1°C, resulting in a power reduction of 23.97% and 
24.49% for the poly and mono-Si modules respectively. 
 
Figure 33 Correlation analysis between MET ambient and module temperatures and MET horizontal solar radiation 
As can be seen in Figure 34, the increase in ambient temperature, as well as solar radiation, 
reduced overall system PR from a maximum of 0.796 in September, to 0.735 for February, with 
February 2011 being the hottest on record since measurements began at Jandakot Aero at 
34.9°C. This resulted in a monthly average daily maximum module temperature of 65.3°C. 
Monthly maximum average module temperature was 65.9°C for March, however overall PR was 
0.76 and is possible due to the lower average daily maximum ambient temperature of 32.5°C 
having an overall lower impact during periods of lower irradiance. PR then increased further for 
































PV Array Solar Irradiance
(W/m2)
Ambient/Module Temperature Difference v's Array Solar 
Radiation - 27/11/10 - 30/04/11
45 
monthly average daily maximum ambient temperature of 27.6°C. PR then dropped off in May 
which is due to shading effects which are discussed later. 
 
Figure 34 Average monthly performance ratios with average solar radiation, ambient and module temperatures 
 
8.3.2 Shading  
Due to the arrays positioning within Bush Court, shading of direct beam radiation influences 
module performance from May to August. It is also noted that the presence of the trees has a 
direct influence on diffuse radiation, as well as a reduction in the albedo throughout the whole 
year as found with the PVsyst modelling of the system. Shading is also seen through the summer 
months, particularly during early morning and later afternoon, where the library‟s air 
conditioning vents cast shadows over the array. 
To establish the effects of shading, a clear sky day was selected from a set of days which are 
known to be affected by shading, being the month of May. This was done by plotting Murdoch 
MET station daily solar radiation data for a period to ascertain which days were not affected by 
cloud cover. This is shown in Figure 35, with May 28 being the only clear day in the dataset. As 
can be seen in Figure 36, the poly-Si sub-arrays (1 to 4, central arrays) are affected primarily by 
morning shading with very slight shading influence on all sub-arrays in the late afternoon which 
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Figure 35 Murdoch MET station horizontal solar radiation data for 14/05/11 to 31/05/11 
 
 
Figure 36 Shading effects on sub-arrays 1 to 4 for 28/05/11 
Figure 37 shows significant shading influence on sub-arrays 5 and 6 (western end) during 


































Figure 37 Shading effects on sub-arrays 5 and 6 for 28/05/11 
Figure 38 shows the influence of shading on sub-arrays 7, 8 and 9 (eastern end) from 
approximately noon to 4pm. Shading is significant and represents a large influence on system 
output. 
 































































8.4 Comparison with Desert Knowledge Australia Solar Centre 
Arrays 
Due to the lack of available information regarding system performance from Australian 
conditions, it was decided to obtain and analyse data from similar arrays at the Desert 
Knowledge Australia Solar Centre (DKASC). DKASC is a solar resource centre in Alice 
Springs, Northern Territory, for testing of multiple technologies and education resource. Various 
manufacturers are represented with multiple technologies and mounting types, being: 
 Mono-crystalline silicon 
 Polycrystalline silicon 




 Concentrating PV 
 Roof mounted systems 
 Free standing stationary 
 Single axis tracking 
 Dual axis tracking 
Data was downloaded for the period of August 2010 to May 2011 for comparison with the 
MULPVS. Three technologies with two mounting types were chosen. These were: 
BP Solar poly-crystalline silicon 
Mounting type: Roof mounted 
System size: 4.95 kWp 
Array area: 37.75 m
2
 
Number of panels: 30 
Panel efficiency: 13.11 % 
Panel type: BP 3165 
Panel rated output: 165 W 
Inverter size, type: 6 kW, SMA SMC 6000A 
Array orientation: True north, at 20º tilt 
  
Sungrid mono-crystalline silicon 
Mounting type: Free standing 
System size: 5.04 kWp 
Array area: 35.12 m
2
 
Number of panels: 18 
Panel efficiency: 14.40 % 
49 
Panel type: Sungrid SG-280M6 
Panel rated output: 280 W 
Inverter size, type: 6 kW, SMA SMC 6000A 
Array orientation: True north, at 20º tilt 
  
Kyocera poly-crystalline silicon 
Mounting type: Free standing 
System size: 5.4 kWp 
Array area: 40.1 m
2
 
Number of panels: 40 
Panel efficiency: 13.40 % 
Panel type, peak power: Kyocera KD135GX-LP 
Panel rated output: 135 W 
Inverter size, type: 5 kW, SMA SMC 5000A 
Array orientation: True north, at 20º tilt 
 
These were chosen to represent the two manufacturers of solar panels used on the MULPVS and 
their respective technologies, as well as a roof mounted system, and all used the same or similar 
SMA inverters as the MULPVS, being the SMA SMC A series. 
Data was verified against DKASC‟s record of events which recorded such information as 
maintenance being carried out on the arrays or local area black-outs. Satellite solar radiation data 
was again obtained from BoM and the corresponding days were removed from the data set prior 
to the conversion to plane of array data using the Solar04 spreadsheet [33]. The results are 
shown in Figure 39 and Table 25 below with a comparison to the MULPVS and results 
separated into poly-Si and mono-Si technologies. 
 























Desert Knowledge Solar Centre v's Murdoch Library PV 
System  Performance Ratio's
LPVS p-Si LPVS m-Si BP Solar p-Si (roof mounted) Kyocera p-Si (free standing) Sungrid m-Si  (free standing)
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The results show that the MULPVS compares favourably with all three arrays selected from the 
DKASC with the Kyocera poly-Si panels of the MULPVS having the highest average PR of 
0.767, which was not expected from a roof mounted system. This was followed by the free 
standing Kyocera poly-Si panels of the DKASC at 0.764. The MULPVS Sungrid mono-Si 
panels were the third best performer overall with a PR of 0.752, followed by the DKASC 
Sungrid free standing panels at 0.727 and the BP poly-Si roof mounted panels at 0.723. That the 
Kyocera modules were again the best performing at the DKASC reinforces the hypothesis that 
they are manufactured to a stricter tolerance. 











 (free standing) 
Aug-10 0.800 0.785 0.783 0.825 0.813 
Sep-10 0.802 0.791 0.800 0.842 0.784 
Oct-10 0.793 0.783 0.719 0.763 0.720 
Nov-10 0.748 0.735 0.689 0.731 0.688 
Dec-10 0.761 0.744 0.717 0.759 0.713 
Jan-11 0.746 0.728 0.685 0.727 0.679 
Feb-11 0.743 0.728 0.678 0.718 0.681 
Mar-11 0.767 0.754 0.674 0.710 0.675 
Apr-11 0.779 0.764 0.750 0.792 0.762 
May-11 0.731 0.709 0.734 0.776 0.753 
Average 0.767 0.752 0.723 0.764 0.727 
 
Analysing the monthly average daily maximum temperatures for Murdoch and Alice Springs 
shows that the higher temperatures of December and January in Alice Springs, at 3.9°C and 
4.7°C above Murdoch respectively, reduced the performance of the DKASC systems. However, 
Murdoch experienced higher temperatures through February to May ranging from 0.6°C to 
3.7°C higher than Alice Springs but still saw a higher PR. Further analysis of data does not show 
any anomalies to justify the lower PR of the free standing arrays. 
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Figure 40 Comparison of monthly average daily maximum temperatures for Murdoch and Alice Springs 
The sensors and meters used at DKASC are capable of measuring data with a much finer 
accuracy of 0.2% across all instruments compared to the SMA inverters accuracy of 3% DC and 
4% AC which may account for the differences observed. Solar radiation data may also affect 
results with up to 7% for clear days and up to 20% for cloudy days. 
8.5 Recommendations 
It is difficult to come to conclusions on how performance may be improved given the limited 
options available. For the analysis period of this project, temperature is the single largest cause 
of efficiency loss observed with measured temperatures exceeding 77°C. This is due to two main 
factors; firstly, the array is roof mounted with limited ventilation between the roof sheeting and 
the underside of the modules. Secondly, the roof is sheltered from almost all cooling breezes 
coming from the south and west, but also winds coming from the east and north due to building 
structures and trees. 
The second factor impacting performance is shading. This is mainly caused by one tree located 
only a matter of meters in front of the array. The easiest way to improve performance would be 
to have the tree, or at least the offending portion of the tree, removed. In a conversation with 
Halina Kobryn of Murdoch‟s Environmental Science Department on November 16
th
 2010, it was 
mentioned that environmental groups would not approve of the felling of the tree [36] and 
therefore this may not be an option. It may be proposed that in the place of the tree being 
removed, several new trees be planted as compensation, however, this would need to be 
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9 PVsyst Modelling 
9.1 Program Description 
PVsyst was developed by the University of Geneva, Switzerland, for the design and simulation 
of stand alone and grid connected photovoltaic arrays. The software uses extensive databases of 
modules and inverters which have been created from manufacturer technical information, or 
where components have been independently tested, from such tests. The majority of independent 
tests are carried out by Photon Magazine in Germany, with others conducted by the Universities 
of Geneva and Bergdorf (ISB Burgdorf) in Switzerland, European Solar Test Installation (ESTI) 
in Ispra, Italy, and GENEC Cadarache, France [37]. These tests provide a more accurate model 
of the module performance and are preferred over manufacturer‟s data. 
Modelling initially commenced with version 5.2, however, the software was upgraded to version 
5.3 to rectify several loss of data issues. Further updating of PVsyst was done to enable further 
features used for this simulation with final version 5.41 used up to completion of the project. 
PVsyst uses a three dimensional model of the structures and trees within the area surrounding 
the array, known as Near Shadings, to calculate shading effects for direct beam radiation as well 
as diffuse radiation and albedo. For this reason, a detailed model of the Bush Court area was 
required to be generated from architectural drawings, with the surveying of Bush Court 
undertaken to ascertain tree positioning and heights. 
For this analysis, two models will be assessed. The first being the initial base model which used 
default values for the Sungrid PV modules as well as the initial 3D model of Bush Court. 
Variations of this initial base model were then created with Model III being the second model to 
be assessed. 
9.2 Surveying 
Aerial images were obtained from Nearmap.com (www.nearmap.com), which also provided 
time-lapse images of the array from before the installation to current day. These images were 
used to assist in the positioning of the array on the model of the library roof as well as trees 
within the Bush Court area. This also provided some indication of periods where shading of the 
array may take place. 
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Figure 41 Aerial photograph of Bush Court showing position of the system and surrounding trees [38] 
To ascertain the heights of the trees, a Suunto PM-5 Optical Reading Clinometer was obtained 
from Murdoch University‟s Environmental Science Department. A Clinometer is a device which 
measures the angle from horizontal to the top of object to be measured. Using the images from 
Nearmap.com and the scale of Bush Court obtained from the drawings received, positions of 
trees were plotted and the distance from the point where the height angle was taken then 
measured. This could then be directly converted to a height through the percentage given by the 
clinometer, or by the angle and use of trigonometric calculations to find the tree height. 
 
Where H = height of the tree, h = eye level height of the observer, d = distance of the tree from 
the angle measurement point, % = percentage reading from the clinometer. Or: 
 
Where  = angle measurement to the top of the tree. A table of the measured trees and map of 
the Bush Court area is provided in Appendix E. 
H  h  d  %
100




Figure 42 Measurement procedure for the Suunto PM-5 Clinometer [39] 
The clinometer‟s measurement accuracy, with a resolution of 1° or 1%, appears acceptable. 
However, as the device is hand held and the objects of measurement being trees, any movement 
either of the observer or the tree due to wind could compound these errors making accuracy an 
issue. For this reason, a shading study was undertaken to provide a best fit visual accuracy for 
the PVsyst model. This was done by taking hourly photographs on June 22
nd
 2011 of the 
observed shading and adjusting the PVsyst model to match by moving slightly those trees that 
shade the array. This shading study can be found in Appendix G, PVsyst Shading Study, and 
Appendix K, Shading Study Photos for May 22 2011. Although not ideal, this was found to be 
the most effective way to generate a model which resembled the real world situation. 
9.3 Modelling 
CAD drawings of the library building and scanned elevation drawings of the buildings enclosing 
Bush Court were obtained from Peter Carter of Murdoch‟s Office of Commercial Services to 
assist in the construction of the model. These were used to construct to-scale three dimensional 
structures of the library building, Physical Sciences, Chancellery, Education and Humanities and 
Senate Suites buildings, as well as the walkways surrounding Bush Court. 
It was essential to model all of the building surrounding Bush Court as the buildings affect the 
time the array sees the direct beam radiation of the sun during early morning and late afternoon 
periods, as well influence the diffuse radiation and albedo. 
The photovoltaic system itself was modelled as individual strings to assist in the shading 
analysis, as can be seen from Figure 43, with each block being generated to match the actual 
array as closely as possible. 
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Figure 43 PVsyst rendered plan view of the library building with array modelled as individual strings 
[Image: PVsyst] 
Due to the limited parameters which can be entered in PVsyst, the trees constructed bear little 
resemblance to real world trees. As can be seen in Figure 44, the trees are generated as extruded 
octagonal blocks with pointed tips of adjustable height, representing the foliage, on straight 
columns, representing the trunks. Parameters available for adjustment include: 
 Medium point height: the height from the bulk of the trees foliage to the upper most  tip 
of the tree 
 Medium height: the height of the bulk of the trees foliage which can only be entered as a 
vertical extrusion 
 Low part height: the height where foliage may begin to expand from the trunk of the tree 
toward the middle bulk of the foliage 
 Trunk height: the height of the trunk from ground level to where the foliage begins 
 Medium diameter: the overall width of the tree which is assumed to be perfectly 
cylindrical (octagonal) 
 Trunk diameter: the overall thickness of the trunk of the tree, which is also assumed to be 
a perfectly straight cylinder 
These limited parameters result in very rudimentary objects with little likeness to the objects 
they are supposed to represent. This also results in a non-ideal, but worst case scenario, shading 
study of the array as there is no transmissivity to the foliage. Using data obtained from the 




Figure 44 PVsyst screen shot showing parameters for tree construction 
[Image: PVsyst] 
The resulting model of Bush Court is shown in Figure 45 below. As can be seen, the modelling 
of the trees within and around Bush Court is an approximation only of the actual scene. 
Photographs were also taken of the trees and the Bush Court area to assist in the modelling of the 
trees foliage to obtain a close representation of the area. It should be noted that due to the way 
PVsyst „layers‟ objects, it appears as though some objects are incorrectly positioned with respect 
to those around them. 
 
Figure 45 PVsyst screen shot showing the 3D Bush Court model 
[Image: PVsyst] 
Figure 46 shows both the wireframe and rendered representations of the array for 9am on June 
21 2010, from the position of the sun (top) and overhead (bottom). Both models show the areas 
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which would be shaded by the trees as grey shaded areas, with the rendered image from the suns 
position obscuring the array where it would be shaded. 
 
 
Figure 46 PVsyst screen shots showing array shading as seen from the sun’s position and overhead in wireframe 
and rendered modes 
[Images: PVsyst] 
By using hourly photographs of actual shading on the array, it was possible to fine tune the 
positioning of tress which directly affect the array. 
9.4 Electrical Parameters 
According to the PVsyst module database, the Kyocera KD135GH-2P module was 
independently tested by Photon Magazine in 2009, with a model already available for use in the 
program. The SMA SMC 6000A inverter, although not independently tested, was also available 
in the database and had been assembled from manufacturers information. The Sungrid SG-
175M5 modules had not been tested or were not available from the database and a model based 
on the manufacturers data was created. Appendix F shows electrical parameters used in PVsyst 
for all three components. 
It should be noted that all models used the Free mounted module with air circulation default 
Field Thermal Loss Factor within the Detailed Losses of the System Definitions section (PVsyst 
Model Parameters of Appendix F, §18.1.5). This was used as simulations with the semi-
integrated with air duct behind default value produced much higher losses and correspondingly 
lower PR‟s. 
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9.5 Meteorological Data 
PVsyst has the capability of importing meteorological data from multiple sources, including; 
For direct download over internet: 
 NASA‟s Atmospheric Data Center Surface meteorology and Solar Energy website 
(NASA-SSE), 
 NASA‟s World Radiation Data Center (WRDC) 
From importing downloaded or generated data from sources such as: 




 Measured hourly or sub-hourly data 
Data could also be manually entered for average monthly solar radiation, temperature and wind 
velocity.  
For the base case simulation, synthetic generated data was used, with further refinement by the 
use of BoM average monthly solar radiation data for the analysis period. Due to gaps in the 
measured data from the system Sensorbox, it was not possible to import measured data for use in 
the model as this resulted in errors. 
Figure 47. shows representative typical clear sky summer day and overcast winters day Meteo 
data which shows the randomness added by PVsyst in an attempt to create realistic data for 
cloudy days. The smooth line represents theoretical global horizontal solar radiation for a clear 
sky day with hourly blocked data used for the simulation overlayed. The lower smooth dotted 
line represents the horizontal diffuse solar radiation component, again with blocked hourly 
values used for the simulation overlayed. 
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Figure 47 PVsyst synthetically generated hourly solar radiation data for January 1
st 




Once modelling of the array was completed, a shading factor table was generated (Figure 48) to 
ascertain the shading losses for the sun‟s position in the sky. This was done at azimuth angles of 
20° increments both east and west of north, as well as from elevation heights from 2°, 10° then 
every 10° to 90°. This table was then used by PVsyst for the calculation of shading factors. 
 
Figure 48 Output table from PVsyst showing shading factors for various azimuths and elevations for Bush Court 
[Image: PVsyst] 
Figure 49 shows the shading effect over the course of the year. As can be seen, shading has some 
impact throughout the whole year, although this is quite low for summer months which only see 
shading effects through early morning and late afternoon from ventilation shafts mounted on the 
roof to the rear of the arrays. As expected, the most significant period for shading is seen from 
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May through to June, particularly around the winter solstice of June 22, where extended periods 
of between 1% and 5% shading losses are seen for the majority of the day. It should also be 
noted that losses due to shading of diffuse radiation by the trees within Bush Court is 7.6% 
which is consistent throughout the year. 
 
Figure 49 PVsyst beam radiation shading diagram for the library array 
[Image: PVsyst] 
As noted previously, PVsyst uses randomised daily data to obtain a realistic representation of 
real world weather characteristics. Figure 50 shows how the daily exported energy varies from 
day to day, with a distinct seasonal pattern. Note that summer output is lower than spring and 
autumn due to losses associated with higher summer temperatures. 
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Figure 50 PVsyst - Daily system output energy for a simulated year 
Array output followed a reverse Weibull distribution curve as shown in Figure 51, with the 
majority of power generated in the 35 to 42 kW range. Note that there is no energy production 
above ~49 kW (~87.5% of rated capacity), which is likely due to the constant operation of the 
array at temperatures above STC for periods of high irradiance and the inverter efficiency of 
~95% for array operation at around 380 V. 
 
Figure 51 PVsyst - Array power distribution for the simulated year 
These losses are better illustrated in Figure 52, which shows the losses accounted at each stage 
of the energy conversion process for Model III. It can be seen that temperature derating cause 
the largest losses seen by the array at 13.1%, with inverter losses at 4.3% and shading 
accounting for only 3.9%. The remainder of losses are attributable to module reflectivity 
(Incidence Angle Modifier or IAM losses [40]), module mismatch losses at 2.1%, irradiance 
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losses (due to lower than STC irradiance levels) at 1.8%, module quality losses (calculated from 
the module tolerance specified by the manufacturer) at 1.2% and cable losses at 0.8% (set at 
1.0% based on STC conditions), which is in accordance with the <1% loss stipulated by the CEC 
guidelines. It should be noted that PVsyst ignores MPP losses for grid connected inverters as 
they do not operate at fixed voltages (eg. For battery charging) and use MPP trackers. 
 
Figure 52 PVsyst - Array losses diagram 
Several simulations were run in an attempt to refine the model to match measured performance 
values. Table 26 shows the results for the first simulation and shows the reference yield (Yr), 
array capture losses (Lc), array yield (Ya), balance of system losses (Ls), yield factor (Yf), array 
losses/incident energy ratio (Lcr = Lc/Yr), system losses/incident energy ratio (Lsr = Ls/Yr) and 
the performance ratio (PR). 
Overall, a yearly PR of 0.766 was seen, with the maximum in August at 0.798 and minimum in 
January of 0.743. This is to be expected due to temperature derating through summer and lower 
temperature of winter. The August maximum PR shows that the model required some 
modifications to match the physical system, although it is only 0.6% from measured values. 
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Table 26 PVsyst results for the initial base case model 
MULPVS-Model I 
 
Yr Lc Ya Ls Yf Lcr Lsr PR 
 
kWh/m².day kWh/kWp/day kWh/kWp/day 
  
January 242.36 1.743 0.14 0.269 5.81 0.223 0.034 0.743 
February 225.25 1.799 0.14 0.274 5.97 0.224 0.034 0.742 
March 244.02 1.599 0.14 0.275 6.00 0.203 0.035 0.762 
April 195.21 1.184 0.12 0.229 5.09 0.182 0.035 0.783 
May 182.61 1.089 0.11 0.205 4.60 0.185 0.035 0.780 
June 160.40 1.110 0.10 0.182 4.05 0.208 0.034 0.758 
July 150.91 0.949 0.09 0.169 3.75 0.195 0.035 0.770 
August 172.62 0.927 0.10 0.198 4.44 0.166 0.036 0.798 
September 207.98 1.189 0.12 0.253 5.49 0.172 0.036 0.792 
October 238.58 1.433 0.14 0.274 5.99 0.186 0.036 0.778 
November 231.30 1.605 0.14 0.270 5.83 0.208 0.035 0.757 
December 238.64 1.663 0.14 0.268 5.77 0.216 0.035 0.749 
Year 2489.88 1.355 0.12 0.239 5.23 0.199 0.035 0.766 
 
The final model simulated used inputs for meteorological parameters from monthly average 
daily BoM data for August 2010 to May 2011, with June and July using average data from past 
years, and a refined model of the Bush Court areas to better represent the shading which was 
observed. Full input data can be found in Appendix F. 
The yearly PR of 0.733 is only slightly lower than in the base case, with a maximum of 0.787 
again in August, and a minimum of 0.686 in February. The August maximum PR again indicates 
that the model required further refining to achieve results which better fit measured data. The 
minimum PR in February indicates that the high solar radiation levels that were seen in February 
resulted in higher module temperatures and therefore higher derating. 
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Table 27 PVsyst results for the final case model 
MULPVS-Model III 
 
Yr Lc Ya Ls Yf Lcr Lsr PR 
 
kWh/m².day kWh/kWp/day kWh/kWp/day 
  
January 242.36 2.175 0.14 0.25 5.39 0.278 0.032 0.690 
February 225.25 2.273 0.14 0.251 5.52 0.283 0.031 0.686 
March 244.02 1.977 0.14 0.256 5.64 0.251 0.033 0.716 
April 195.21 1.400 0.12 0.219 4.89 0.215 0.034 0.751 
May 182.61 1.203 0.11 0.199 4.49 0.204 0.034 0.762 
June 160.40 1.157 0.10 0.179 4.01 0.216 0.033 0.750 
July 150.91 0.966 0.09 0.167 3.74 0.198 0.034 0.767 
August 172.62 0.990 0.10 0.195 4.38 0.178 0.035 0.787 
September 207.98 1.349 0.12 0.244 5.34 0.195 0.035 0.770 
October 238.58 1.688 0.14 0.261 5.75 0.219 0.034 0.747 
November 231.30 1.961 0.14 0.255 5.49 0.254 0.033 0.713 
December 238.64 2.037 0.14 0.251 5.41 0.265 0.033 0.703 
Year 2489.88 1.594 0.12 0.227 5.00 0.234 0.033 0.733 
 
Further changes were attempted by altering the temperature coefficients for the Sungrid models. 
PVsyst only allows the entering of power and current temperature coefficients, which is then 
combined with shunt and series resistance data to obtain the voltage temperature coefficient. 
This resulted in a larger coefficient at -186 mV/°C (-0.427 %/°C) than specified by the 
manufacturer at -165.7 mV/°C (-0.38 %/°C). As temperature effects voltage to a larger extent 
than current, it was attempted to modify the model to better represent the manufacturer‟s data. 
Shunt resistance was modified from 350 Ω to 630 Ω, series resistance was modified from 
0.447 Ω to 0.4 Ω and the current temperature coefficient reduced from 0.1 %/°C to 0.06 %/°C to 
achieved the desired voltage coefficient (refer to Table 28). 






Current Temperature Coefficient +0.1 %/°C +0.06 %/°C 
Power Temperature Coefficient -0.47 %/°C -0.47 %/°C 
Shunt Resistance 350 Ω 630 Ω 
Series Resistance 0.447 Ω 0.4 Ω 
Voltage Temperature Coefficient -0.427 %/°C -0.38 %/°C 
 
The results of this model are shown in Table 29 below. August again had the highest PR at 0.773 
and February again had the lowest PR of 0.672. Overall PR dropped to 0.719 which is 1.4% 
lower than the base model and 4% lower than measured. 
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Table 29 PVsyst results for the Sungrid voltage coefficient adjusted model 
MULPVS-Adjusted Voltage Coefficient Model 
 
Yr Lc Ya Ls Yf Lcr Lsr PR 
 
kWh/m².day kWh/kWp/day kWh/kWp/day 
  
January 242.36 2.291 0.14 0.244 5.28 0.293 0.031 0.676 
February 225.25 2.395 0.14 0.245 5.40 0.298 0.031 0.672 
March 244.02 2.099 0.14 0.250 5.52 0.267 0.032 0.701 
April 195.21 1.499 0.12 0.214 4.79 0.230 0.033 0.737 
May 182.61 1.289 0.11 0.195 4.41 0.219 0.033 0.748 
June 160.40 1.232 0.10 0.176 3.94 0.230 0.033 0.737 
July 150.91 1.035 0.09 0.164 3.67 0.213 0.034 0.754 
August 172.62 1.075 0.10 0.191 4.30 0.193 0.034 0.773 
September 207.98 1.460 0.12 0.239 5.23 0.211 0.034 0.755 
October 238.58 1.811 0.14 0.255 5.63 0.235 0.033 0.732 
November 231.30 2.079 0.14 0.250 5.38 0.270 0.032 0.698 
December 238.64 2.153 0.14 0.245 5.30 0.280 0.032 0.688 
Year 2489.88 1.697 0.12 0.222 4.90 0.249 0.033 0.719 
 
9.7 Comparison of PVsyst and Measured Results 
Figure 53 and Table 30 show the results of the simulations against the measured performance 
ratios of the system. The initial base case simulation has yielded the best results when compared 
to the measured data with an overall PR for the analysis period of 0.769, which is only slightly 
higher than the measured results of 0.759. 
The measured results see a heavy shading influence for the month of May, which is only slightly 
reflected in the default model. The omission of May‟s results (shown in brackets) sees the error 
for the average PR of the default model improve from -1.23% down to -0.46%, with the final 
model increasing from 3.48% to 4.48% and the voltage coefficient adjusted model increasing 
from 5.39% to 6.39%. 
66 
 
Figure 53 Graphical comparison of measured and PVsyst modelled results 











PR PR Accuracy PR Accuracy PR Accuracy 
Aug-10 0.792 0.798 -0.77% 0.787 0.62% 0.773 2.39% 
Sep-10 0.796 0.792 0.49% 0.770 3.26% 0.755 5.14% 
Oct-10 0.788 0.778 1.28% 0.747 5.21% 0.732 7.12% 
Nov-10 0.741 0.757 -2.17% 0.713 3.77% 0.698 5.80% 
Dec-10 0.752 0.749 0.38% 0.703 6.50% 0.688 8.50% 
Jan-11 0.737 0.743 -0.87% 0.690 6.33% 0.676 8.23% 
Feb-11 0.735 0.742 -0.91% 0.686 6.70% 0.672 8.61% 
Mar-11 0.760 0.762 -0.25% 0.716 5.80% 0.701 7.78% 
Apr-11 0.771 0.783 -1.57% 0.751 2.58% 0.737 4.40% 

















NB: Values shown in brackets omit data for May-11 
 
Although the final model and voltage coefficient adjusted models used a more accurate shading 
scene than with the default model, shading for the month of May does not appear to have the 
same influence than in the actual system, with the only model seeing a reduced PR compared to 
the April PR being the default model. As the measured results for May, showing the 
considerable drop in PR from April, were only recently available, it has not been possible to 























Measured v's PVSyst Modelled Performance Ratio's
MULPVS - Measured PVSyst - Default Model PVSyst - Final Model PVSyst - Voltage Adjusted
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data is made available through June and July to complete a full year‟s data set, it may become 
possible to make further refinements to obtain a model which closely correlates with the 
measured results. 
9.8 Program Limitations 
Although PVsyst appears to provide reasonable results that compare somewhat adequately with 
real world measurements, it has been difficult to achieve results which truly reflect those 
observed by the MULPVS. 
Although PVsyst is aimed at architects, engineers and researchers [41], it lacks the facility for 
the importing of models created in architectural CAD packages such as AutoCAD or Google‟s 
SketchUp. The process for generating 3D models, although basic, is not as streamlined as for 
dedicated CAD software. For architects which model their designs in 3D, this incorporates an 
unwanted repetition of work. A model import function would allow (especially architects) the 
ability to quickly import models of existing or proposed buildings into PVsyst for modelling and 
building optimisation. 
Modelling of trees is very rudimentary, resulting in an opaque octagonal block on a stick which 
has very little resemblance to real world vegetation. This has implications on direct beam 
shading of array strings as it is difficult to create a model which will impact the array in the same 
way the real world vegetation would. In an attempt to overcome this, it has been necessary to 
generate additional foliage only (trees modelled without trunks) to represent the irregularities of 
the trees within Bush Court as illustrated in Figure 54. It was also necessary to undertake a 
shading study (Appendix G and Appendix K) which enabled trees to be better positioned to 
obtain a realistic shading representation. 
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Figure 54 PVsyst rendering showing examples of additional foliage 
Parameters available for adjustment to create photovoltaic modules that match manufacturer‟s 
data proved to be limited. Current and power temperature coefficients are available to be 
entered, however, as previously noted, voltage temperature coefficients are calculated from these 
and the shunt and series resistances which are also available for modification. To obtain the 
manufacturer‟s voltage temperature coefficient then proves to be a difficult task which involves 
adjusting the shunt and series resistances, and in the case of the Sungrid modules, the current 
temperature coefficient as well, to achieve the desired values. As most manufacturers do not 
provide data regarding the shunt and series resistances, this is difficult to assume and results in a 
model which does not perform in the same way as the technical data suggests. 
This is illustrated in Figure 55 and Figure 56 below, where (a) is the original Sungrid module 
model and (b) is the voltage coefficient corrected model (denoted by the „V‟ at the end of the 
module name). From this it can be seen that the voltage now reacts as per the manufacturer‟s 
data sheet, however the change in current with temperature has been reduced. Although the 
power temperature coefficient remained unchanged, this results in slight changes to the power at 
higher operational temperatures. 
By the manufacturer‟s data sheet, at 70°C, the module should output ~138 W, which would 
suggest that the modified module model is more accurate at 136.9 W than the original model at 
135.2 W. However this has not translated to a more accurate modelled PR as can be seen in the 












Figure 56 PVsyst power voltage curves for base and voltage coefficient corrected models 
 
Since PVsyst released version 5.0 in October 2009, eighteen updates have been issued up to May 
25
th
 2011 [41] taking the software to version 5.42. The current version used for these simulations 
has been V5.41 (released 04/05/11). It appears that PVsyst is still a work in progress, which is 
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not unexpected given the software package is developed by a University and not a dedicated 
software manufacturer. Several issues were found while modelling the MULPVS, including: 
 Loss of 3D model when program closed 
Fixed in version 5.31 (15/12/10) 
 Inability to convert back to previously saved models 
Attempts have been made to convert back to the original default model by re-importing 
previously exported models without full success. 
 Functionality to enable module positioning in model strings is not fully functioning and 
results in errors 
 Return to default Grid System values when importing a previously saved model, 
requiring the PV modules and inverters to be reselected and some array sizing parameters 
to be re-entered 
Based on some of the issues encountered with the software and the frequent updates issued, it is 
hoped that future updates may make it possible, along with further model refinements, to achieve 




10 Design Assessment  
10.1 Method 
An assessment of the two installations was undertaken to ascertain both systems compliance to 
AS/NZS 5033 - Installation of photovoltaic (PV) arrays and the Clean Energy Council (CEC) 
Guidelines, as well as the implication of possible changes to AS5033. Applicable sections of 
AS 3000-2007 - Australian wiring rules are also assessed. It should be noted that the Australian 
Standards and CEC guidelines provide the minimum of what is required by installers, which 
should be bettered where possible. 
The CEC is a not-for-profit industry association for the representation of Australia‟s clean 
energy sector which provides information and guidelines on the design and installation of 
renewable energy systems, incorporating stand alone and grid connected photovoltaic systems, 
small scale wind and micro hydro, as well as hybrid systems [42]. The CEC promotes a best 
practice approach to the design and installation of PV systems and regularly updates its 
guidelines when required, allowing it to react to technical changes and safety issues within the 
industry more rapidly than the Australian Standards. Installers are required to be accredited with 
the CEC if the installed system is to be eligible for federal government initiatives such as the 
Small-scale Technology Certificates (STC‟s) and Small-scale Renewable Energy Scheme 
(SRES). 
Where possible, a physical inspection of the system was undertaken to verify the compliance, or 
non-compliance of the system. It was not possible to undertake a physical inspection of the parts 
of the system mounted on the roof due to access and permit requirements, therefore photographs 
were taken from ground level or obtained from previous inspections by authorised personnel and 
assessed. Where the above methods did not provide the required information, installer‟s data was 
relied upon where available. A summary table of the design assessment can be found in 
Appendix H. 
Cable calculations were provided for installation one but appear to be missing for installation 
two. Therefore, cable calculations were carried out based on the information supplied by the 
installation companies to verify the compliance with the Clean Energy Council Guidelines, 
which recommend a maximum 1% voltage drop in lieu of the AS5033 § 3.4.1 recommendation 





To undertake this design assessment, information regarding components and installation method 
was required. Both installations are deficient in this area, in particular the requirement for 
equipment lists and manufacturers datasheets. 
CEC‟s minimum documentation requirements have been in place since at least September 2007, 
with recent updates in November 2010. These requirements are listed below, with 2010 
amendments noted [43]: 
1. Shutdown procedure 
2. System connection diagram 
3. Manufacturers handbooks for equipment installed 
4. Maintenance procedure and timetable 
5. Commissioning sheet and install checklist 
6. List of equipment supplied (2010 update to include the make and model numbers of PV modules 
installed) 
7. Warranty information for all components installed, 2010 update 
8. Estimated system performance (average kWh/day or /year), 2010 update 
9. Array frame engineering certificate, 2010 update 
10. Array frame installation declaration, 2010 update 
Although some items of this list are recent additions, the first six listed were in place at the time 
of both installations completion, with much of the information not been supplied based on the 
information which has been made available to myself. 
10.2.2 Separation of Electrical Circuits 
AS3000 § 3.9.8.2 stipulates that “conductors that form part of different electrical installations 
shall not be installed within the one enclosure” [44]. Figure 57 shows both the AC and DC 
isolation switches within the same housing. Provision within the clause is made for separation 
made by barriers of fire resisting material or by distance. The construction of the housing for the 
isolators is not known but is believed to be not of a fire resistant type. 
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Figure 57 Enclosure housing both AC and DC isolation switches 
10.2.3 Wiring Loop Minimisation, Cable Clamping and Protection 
Clause 3.3.2 of AS5033 requires that module wiring be laid in a way that minimises „the area of 
conductive loops’ [45]. This is to minimise the magnitude of voltages which may be induced due 
to the rapidly changing current (di/dt) which may flow as a result of near lightning strikes of less 
than 100 meters. These near strikes can lead to overvoltages which can cause damage to the 
system. In arrays which are connected to a building‟s existing lightning protection system (LPS), 
the use of surge protection devices (SPD‟s) help to prevent overvoltages occurring and divert 
surge currents to earth. Technical information provided by the installers indicates that no 
lightning protection measures have been taken and that the array is not connected to an existing 
LPS (if there is one installed to the library building). 
Images (a) and (b) of Figure 58 are of installations one and two respectively, and are taken from 
ground level looking up at the arrays. Due to the position and distance at which these images 
were taken, it is difficult to come to conclusions or make definitive findings. However, it does 
not appear as though the cabling has been laid in such a way as to minimise wiring loops, 
although both installations appear to have the cabling running as a group. This may leave both 
systems susceptible to high overvoltages from near lightning strikes should they occur. 
Additionally, clause 3.3.3 continues to state that cables “shall be protected from mechanical 
damage” and “shall be clamped to relieve tension and to prevent conductors from becoming free 
from connections” [45]. Installation one (a) appears to have some clamping which keeps the 
majority of cables from the roof surface, with installation two‟s (b) cabling hanging to the 
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surface. Protection from mechanical damage is mainly directed at the possibility of fauna eating 
through the cable insulation [43], although this may not be considered high risk given the 
location of this array. Further inspection may be required to ascertain the state of the cabling 





Figure 58 Photo of lack of cable protection or clamping to both installations 
10.2.4 PV Module Support Rails 
Further visual inspection of the system revealed a section of support rails to where the screw 
fixings appear to have come loose from the roof structure. This is shown in Figure 59 below, 
where in image (a), five of the first seven rails of the eastern end of the first installation are 
affected. As it is only possible to see the ends of the arrays from Bush Court, it is not known if 
further fixings at the southern end of the rails, or intermediary fixings, are also loose. It is 
uncertain if this is as a result of faulty fixings which have failed, worked loose, or been 
inadequately bonded to the roof purlin or batten below. It can also be seen from image (b) that 
those rails affected protrude above the height of the adjacent modules. This does raise a query as 






Figure 59 Photos of lifting support rail ends to installation one with (a) overview of affected area, (b) and (c) close-ups 
of two of the rail ends 
Recent requirement changes in September 2010 by the CEC, require that installers provide a 
copy of the array frame engineering certificate to the client and a declaration that the frame is 
installed in accordance with the manufacturers instruction. It is unclear if this has been provided 
by the installer. 
10.2.5 Junction Boxes and Cable Conduit 
CEC guidelines state that cabling must be protected from UV light and mechanical damage. 
Therefore, exposed cabling must be run in suitable conduit and junction boxes. AS5033 § 4.2.1 
then requires that junction boxes which are in exposed positions to be UV resistant and IP 54 
compliant. The IP rating refers to dust and moisture protection with 5 being protection against 
harmful deposits of dust and 4 to limited water spray ingress from all directions [46]. 
Figure 60 shows the junction box for sub-array 4. It is unknown if the junction box and conduit 
are both IP 54 compliant, however they do not appear to be UV resistant or adequately rated for 
the temperatures experienced on the roof. Strong discolouration and the top surfaces becoming 
brittle indicates that this is not so (refer Figure 60). With the expected life of the array at over 20 
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years, this level of deformation and degradation since its installation in 2008 indicates that future 
issues may arise due to dust and moisture ingress through cracks or failed joints. 
 
Figure 60 Array junction box and cable conduit for installation one 
(Image: Andrew Ruscoe, formerly of RISE) 
10.3 Changes to Australian Standard AS5033 
The following are a summary of the expected changes to AS5033 which would be required to be 
adhered to if the system was to be installed after their implementation. Although not 
retrospectively enforced, these may need to be considered for reasons of safety.  
10.3.1 Equipment Class (§ 4.1.2) 
AS5033 was last amended in 2009 and introduced regulations banning the use of Class B 
modules due to insufficient insulation [47]. Further amendments are expected to change the 
electrical equipment class of photovoltaic modules from Class II to Class I. According to 
AS3000 (Australian Wiring Rules), Class II appliances are double insulated and require no 
bonding to earth to protect against electric shock, whereas Class I appliances do not have 
adequate protection [44], therefore requiring that the appliance be adequately equipotentially 
earthed. This is directed at preventing the capacitive charge which can be present when arrays 
are connected to the grid through a non-isolated inverter, resulting in an AC waveform on the 
DC side. If an installer or array owner were to come into contact with the frame and complete a 
path to earth, the resulting shock, although not lethal, may result in a fall from the roof which 
may be fatal. Secondly, if a cell or the module frame fails, the frame may become active and 
result in potentially large current flowing in the event of someone coming into contact with it. 
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Although the MULPVS uses galvanically isolated transformers, installation two was installed 
with fixing lugs which provided a bond to the support rails to which they were fixed. These 
support rails were then bonded to earth via an earthing cable as shown in Figure 61. 
 
Figure 61 Method of bonding support rails to earth 
This change of module Class will not require mandatory modifications to existing arrays, with 
the second installation already conforming to this. It will be a decision by the University as to 
whether a retrospective alteration to installation one will be required. 
10.3.2 Switching Devices (§4.3.1) 
Another expected change to AS5033 is the calculation of the maximum voltage of the array to 
which the isolating switches are required to be rated to. Currently this is calculated as 1.2 times 
Voc,array (AS5033 § 4.3.1) which will be changed to be calculated at the minimum temperature 
the array will operate at, by use of the module voltage temperature coefficient. In the case of the 
MULPVS, this is assumed to be 5°C. Existing switching devices will comply with this change 
with a summary available in Table 32 of Appendix H. 
10.3.3 Equipment Earthing (§5.4) 
This again refers to the earthing of the module frames and therefore comments for § 4.2.1 above 
apply. 
10.4 Summary of Design Recommendations 
A risk assessment (or cost-benefit analysis) should be undertaken to ascertain if these issues 
should be rectified. On the issue of the separation of AC and DC isolators, due to the low 
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number of housings and ease of access resulting in minimal disruption/downtime to the array, it 
is recommended that this be rectified. 
Issues regarding array cabling would require severe disruption and downtime to rectify and 
therefore the cables may be regarded as acceptable in their current form. As a minimum, an 
inspection of the cabling should be undertaken by persons with the required permits, but also 
adequate knowledge of the regulations and possible consequences which may result from a near 
lightning strike. From this, a risk assessment should be undertaken to assess if it would be viable 
to rectify. 
The fixing of support rails is of similar disruption to the cabling issue. The areas where railing 
fixings are loose should be fixed as soon as possible and an inspection of the remaining system 
fixings made where possible. This inspection may be possible from inside the loft area, as 
fixings which have not engaged with the purlins/battens should be self evident by their 
protrusion into the roof space without contact with a rail. If it is found that installation of the 
railings has not been undertaken in accordance with the manufacturer‟s instructions, and that the 
system is found not to be structurally sound, it would be recommended to rectify the issue. 
If the cabling or rail fixing issues are rectified and results in panels having to be removed, it is 
recommended that both issues be undertaken at the same time to minimise disruption, even if 
within a localised area and not the whole of the array. 
The junction boxes and exposed cable conduit are not expected to last the lifetime of the array 
and must be replaced. The possibility for water and dust ingress to a junction box causing a 
potential fault is greatly increased due to the deformation and continued thermal expansion of 
the conduit, as well as these components becoming ever increasingly brittle. 
Changes to the Australian Standards do not require retrospective upgrades to the system. 
Therefore it will not be mandatory to earth the modules of the first installation. As the inverters 
used are galvanically isolated, it may be considered low risk and acceptable in its current form. 
However, if the cabling and rail issues are to be addressed, it is recommended that this be 
assessed for completion at the same time.  
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11 Conclusions 
The performance assessment of the MULPVS showed that the system performs better than 
expected for a roof mounted array over the given analysis period. It has been shown that the 
Kyocera poly-crystalline modules perform slightly better than the Sungrid mono-crystalline 
modules with both performing very well when compared to similar free standing and roof 
mounted technologies of the Desert Knowledge Australia Solar Centre arrays in Alice Springs. 
A data logging system has been implemented and measured parameters are being stored on the 
university server for access by staff and students. 
Through modelling of the array in PVsyst, it was found that approximately 13% of array power 
was lost due to temperature affects and that shading accounted for approximately 4%. However, 
the model used requires further modifications to obtain results which truly reflect measured 
values, with only one of three models providing acceptable results. 
Design and installation issues have been raised and where appropriate, recommendation for their 
rectification have been made. These include structural concerns with rail fixings, separation of 
AC and DC circuits, inadequately rated junction boxes and cable conduit, as well as lack of 
cable restrains and wiring loop minimisation. 
The final aim is to have the report submitted and accepted to the Australian Solar Energy 





12 Future Work 
As the data analysis period was from August to May, a full year‟s data has not yet been collected 
and analysed. Continuation of the data analysis should be undertaken to complete the one year 
data set, with continuing monitoring and analysis to assess the arrays performance as it ages. 
With the PVsyst model providing only approximate results to those being measured; the further 
development of an accurate model would be highly beneficial as both an analysis and a teaching 
tool. 
Other tasks outside the scope of this report which were considered include a cost analysis of the 
different technologies to help with more informed decision making should the university wish to 
install more photovoltaic arrays. 
With the proposed multi technology array being installed on the new Energy and Engineering 
Building, a comparison with these free standing arrays would provide good comparison against 
alternative technologies such as amorphous silicon modules. 
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13 Appendix A 
13.1 Documentation Collation 
A key objective of this project was to gather and collate all available information on components 
installed as part of both installations. The issue of documentation is raised in more detail in the 
Design Assessment of section 10. 
All available information has been collated and provided on the supplied CD rom for use by the 
University for records management and educational purposes. 
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14 Appendix B 
Appendix B can be found on the attached CD Rom as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
14.1 Establishment of Data Logging System 
14.2 Data Downloading Steps 
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15 Appendix C 
15.1 Earth Fault Disconnect 
Part of the requirements under the contract for the second installation was to provide a facility 
for the automatic disconnect of the inverters in the event of the detection of an earth fault on the 
DC side. This is considered important as any earth fault on the DC side increases the risk of 
electrocution for a maintenance worker or home owner who inadvertently makes a second earth 
connection, allowing fault current to flow, with potentially fatal consequences. Although the 
disconnection of the inverter will not prevent the flow of current given a second earth connection 
on the DC side (refer Figure 62), the shutdown of the inverter, in combination with a warning 
light and an email to the owner (in this case Mark Watts of Facilities Services) would help to 
prevent a second earth being established. 
 
Figure 62 Earth faults for floating arrays with a galvanically isolated inverters 
Through communication with Patty Wu of SMA Solar Technology (Australia), it was 
established that an upgrade of the inverter firmware would be required which would introduce 
the functionality to enable the inverter to disconnect when a fault was detected [48]. EPROM 
chips with the updated firmware were provided by SMA, installation by a qualified electrician 
was arranged by Mark Watts. Once installed, the functionality was enables by Martina Calais 
and me.  
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16 Appendix D 
16.1 Inverter Characteristics 
The SMA SMC 6000A inverter is divided into two chambers internally, with the first naturally 
ventilated and the second sealed from dust and moisture with fan cooling. Fans are activated 
when the inverter reaches 70°C, with maximum fan speed achieved at 90°C, and remain active 
down to 50°C. 
Stage one of the inverter is the MPP tracker, or a DC-DC step-up converter, which uses SMA‟s 
proprietary OptiTrac MPP tracking technology. This works by intermittently altering the internal 
resistance of the inverter, changing the voltage and current at which the attached modules 
operate and settling on the point at which the maximum power is achieved [49]. 
Stage two is the single phase full bridge transistor inverter, which uses pulse width modulation 
(PWM) to invert the DC input to an AC waveform. This is then fed through the filtering 
inductances to remove unwanted harmonics before entering stage three, which is the 
galvanically isolated transformer for injection of power into into the grid. 
 
Figure 63 Topology of the SMA SMC 6000A inverter (Adapted from [50]) 
 
The inverter uses active islanding protection where subtle variations in frequency and voltage 
are made intermittently to test if the grid is still active. If the grid is live, it will force the inverter 
to return to normal operation. However, if the grid is not active, the voltage and frequency will 
be allowed to change. This is seen as a loss of the grid and the inverter will shut down. 
  















17 Appendix E 
17.1 Bush Court Surveying 
Table 31 Measured and calculated parameters for tree height modelling 












height of tree 
(m) 
A 19.2 35 45.93 17.7 
B 18.5 33.5 26.48 10.5 
C 17.2 31 45.43 15.7 
D 38 79 23.7 20.3 
E 19.8 36 80.3 30.5 
F 19.5 35.5 68.6 26.0 
G 24.5 45.5 54.7 26.5 
H 112 58.2 18.9 12.6 
I 105 46.5 12.2 7.3 
J 18.5 34 34.3 13.3 
K 20 36.2 39.5 15.9 
L 105 46.5 35.5 18.1 
M 29 55.5 31.44 19.1 
N 26 49 51.7 27.0 
O 19 34.5 76 27.8 
P 12 21 75.1 17.4 
Q 9 16 139.2 23.9 
R 8.5 13 111.6 16.1 
S 9 13.5 118.1 17.6 
T 30.5 59 38.24 24.2 
U 10.5 18 119.1 23.1 
V 36 71 14.44 11.9 
W 19 34.5 59.73 22.2 
X1 9 14 125.06 19.1 
X2 8 13 120.64 17.3 
X3 9 14 131.6 20.0 
Y 12 21 106.16 23.9 




Figure 64 Aerial image of Bush Court showing locations of trees surveyed for the PVsyst model [38] 
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18 Appendix F 
Appendix F can be found on the attached CD Rom as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
18.1 PVsyst Component Electrical Parameters 
18.1.1 SMA SMC 6000A 
18.1.2 Kyocera KD135GH-2P 
18.1.3 Sungrid SG-175M5 – Default Model 
18.1.4 Sungrid SG-175M5 -V – Voltage Temperature Coefficient Adjusted Model 
18.1.5 PVsyst Model Parameters 
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19 Appendix G 
Appendix G can be found on the attached CD Rom as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
19.1 PVsyst Shading Study 
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20 Appendix H 
Table 32 Standards assessment of both systems against AS5033-2005 with expected standard changes and compliance issues 
Australian Standard: AS 5033-2005: Installation of Photovoltaic Arrays 
   Solar Unlimited Solar PV Changes to Standard? Conform to NEW Standard? 
SECTION 2  PROTECTION REQUIREMENTS 
2.1  GENERAL      
2.2  BYPASS DIODES Two, built into modules Three, built into modules   
2.3  BLOCKING DIODES  None None   
2.4  FAULT CURRENT PROTECTION     
 2.4.1 No. of parallel strings w/o OC 
protection 
2 parallel strings 
Isc = 8.37 A 
Imod,reverse = 15 A 
Therefore string protection not 
required as number of strings is 
within standard 
DC Isolation breakers are installed on 
each string acting as fuse protection 
and OC protection 
  
 2.4.3 PV Strings NA NA   
 2.4.5 PV array cables NA NA   
 2.4.6 Location of fault current protection 
devices 
Load break isolator isolates both 
positive and negative string cables 
Load break isolator isolates both 
positive and negative string cables 
  
2.5  DISCONNECTING MEANS 
 2.5.2 Selection & Installation Complies Complies   
 2.5.3 Disconnection Device Requirements Complies Complies   
 2.5.4 ELV Segmentation Complies 
Disconnects every 4 modules 
Complies 
Cable connectors  provide ELV 
segmentation 
  
2.6  EARTH FAULT PROTECTION Conforms to Table 2.5: Disconnection 
of PV supply to Inverter through 
activation of Earth Fault Disconnect 
functionality within inverter 
Conforms to Table 2.5: Disconnection 
of PV supply to Inverter through 
activation of Earth Fault Disconnect 
functionality within inverter 
  
2.7  ALARMS  
 2.7.1 Visual Alarms LED indicator light on inverter with 
email notification sent to Facilities 
Services in the event of an earth fault 
LED indicator light on inverter with 
email notification sent to Facilities 
Services in the event of an earth fault 
  
 2.7.2 Audible Alarms No audible alarm No audible alarm   
2.8  LIGHTNING AND OVERVOLTAGE 
PROTECTION 
    
 2.8.1 Lightning Protection Unknown if existing lightning 
protection is installed but is assumed 
not to be 
Unknown if existing lightning 
protection is installed but is assumed 
not to be 
  
 2.8.2 Overvoltage Protection Complete compliance unknown 
No equipotential bonding of array 
frames 
Wiring loop minimisation not used 
Complete compliance unknown 
Equipotential bonding of array frames 
via clamps 
Wiring loop minimisation not used 
  
SECTION 3  WIRING REQUIREMENTS 
3.1  COMPLIANCE WITH AS/NZS 3000  Full compliance with AS3000 
unknown 




3.2  SYSTEM VOLTAGE System voltage below Max module 
operating voltage 
System voltage below Max module 
operating voltage 
  
3.3  INSTALLATION WIRING     
 3.3.2 Wiring Loops Minimisation not used Minimisation not used   
 3.3.3 String Wiring a) Cable insulation unknown 
b) No cable protection provided 
behind panels, however array cable 
protected in flexible conduit 
c) Cables not clamped 
a) Double insulated cable used 
b) No cable protection provided 
behind panels, however array cable 
protected in flexible conduit 
c) Cables not clamped 
  
 3.3.4 Wiring Installation in Junction Boxes Unknown No junction boxes installed   
 3.3.5 Location of PV Array and PV Sub-
Array Junction Boxes 
Located at top of arrays for ease of 
access 
No junction boxes installed   
3.4  CABLE SELECTION 
 3.4.1 Cable Size Cables stated to be selected within 
voltage drop recommendations 
(0.992%) and up to 90°C. 
Cable: 
Modules: 3.3mm2 Unknown type 
DC: 6mm2 to array to inverter 
AC: 10mm2 inverter to switchboard 
No verification of voltage drops. 
All cables rated to 90°C 
Modules: 4mm2 Unknown type 
Array to Inverter (DC): 4mm2 
Unknown type 
Inverter to Switchboard (AC): 6mm2 
Unknown type 
  
 3.4.2 Insulation No information given on insulation or 
no. of cores 
Cable calculation conduced with 
'building wire' 
Modules: Double insulated single 
core 
Array to Inverter (DC): Double 
insulated single core 
Inverter to Switchboard (AC): Single 
insulated twin core 
  
3.5  WIRING IDENTIFICATION Within library roof space, cabling 
identification provided. 
Outside of roof space, identification 
unknown. 
Within library roof space, cabling 
identification provided. 
Outside of roof space, identification 
unknown. 
  
SECTION 4  COMPONENT REQUIREMENTS 
4.1  PV MODULES 
 4.1.1 Reliability IEC 61215 compliant IEC 61215 compliant   
 4.1.2 Equipment Class Module rated as Class II, A Module rated as Class II, A Yes, modules will soon be classified as 
Class I, therefore requiring 
equipotential bonding to earth 
Solar Unlimited installation not 
bonded to earth 
SolarPV installation is compliant as all 
modules and frames are 
equipotentially bonded 
4.2  PV ARRAY AND PV SUB-ARRAY 
JUNCTION BOXES 
Junction boxes (and conduit) may not 
be IP 54 compliant as warping and 
becoming brittle due to UV and heat 
exposure 
No junction boxes installed   
4.3  SWITCHING DEVICES  
 4.3.1 General a) DC compliant 
b) 1.2 x Voc array (stc) = 1.2 x 24 x 
22.1 = 636.48 V 
2 x DC Isolators per array rated at 500 
V each and is therefore compliant 
c) compliant 
a) DC compliant 
b) 1.2 x Voc (stc) = 1.2 x 12 x 43.6 = 
523.2 V 
DC Isolators rated at 800 V, therefore 
compliant 
c) compliant 
Yes, Voc no longer at STC but at 
minimum design operating 
temperature, assumed as 5°C for 
MULPVS 
Kyocera: Voc (5°C) = 568.8V 
As with previous standard. Must 
confirm existing compliance 
 
Sungrid: Voc (5°C) = 563V 
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 4.3.2 Non-load breaking switches DC Isolators act as non-load breaking 
switch 
DC Isolators act as non-load breaking 
switch 
  
 4.3.3 Current breaking devices DC Isolators: Rated 20A where trip 
current is 10.46 A (Table 3.1) 
DC Isolators: Rated 20A where trip 
current is 6.85A (Table 3.1) 
  
4.4  PLUGS, SOCKET-OUTLETS AND 
COUPLERS  
Unknown Unknown   
4.5  FUSES 
 4.5.1 Ratings None - DC Isolators act as Fuses None - DC Isolators act as Fuses   
 4.5.2 Fuse Holders NA NA   
SECTION 5  EARTHING 
5.1  GENERAL      
 5.1.1 General a) Array is floating type, therefore not 
earthed. 
b) Unknown 
a) Array is floating type, therefore not 
earthed. 
b) Array fixings provide equipotential 
bonding of PV module frames to roof 
structure 
  
 5.1.2 Point of connection of PV system 
earth 
Not earthed Not earthed   
 5.1.3 PV system earthing cable NA NA   
 5.1.4 Bonding conductors NA Unknown   
5.2  PV ARRAY SYSTEM EARTHING Floating array with isolated PCU 
Therefore unearthed type, as Figure 
5.3 
Floating array with isolated PCU 
Therefore unearthed type, as Figure 
5.3 
  
5.3  EARTHING OF EXPOSED CONDUCTIVE 
PARTS AND EQUIPOTENTIAL 
BONDING (SYSTEM BONDING) 
Not earthed Array fixings provide equipotential 
bonding of PV module frames to roof 
structure 
  
5.4  EQUIPMENT EARTHING  Earthing not required according to 
decision tree Figure 5.9 
Earthing not required according to 
decision tree Figure 5.9 
Although array fixings provide 
equipotential bonding of PV module 
frames to roof structure 
Yes, modules will soon be classified as 
Class I, therefore requiring 
equipotential bonding to earth 
Solar Unlimited installation not 
bonded to earth 
SolarPV installation is compliant as all 
modules and frames are 
equipotentially bonded 
SECTION 6  MARKING AND SIGNS 
6.1  GENERAL  Complies Complies   
6.2  PV ARRAY AND PV SUB-ARRAY 
JUNCTION BOXES 
No notification of 'SOLAR DC' seen on 
junction boxes 
No junction boxes installed   
6.3  DISCONNECTION DEVICES Complies Complies   
6.4  FIRE EMERGENCY INFORMATION Unknown Unknown   
SECTION 7  DOCUMENTATION 
7.1  DESIGN INFORMATION  Partial compliance. 
Lack of provided information. 
Partial compliance. 
Lack of provided information. 
  
7.2  COMMISSIONING INFORMATION Provided No commissioning information 
appears to have been provided 
  
SECTION 8  COMMISSIONING TESTS 
8.1  GENERAL      
8.2  OPEN CIRCUIT VOLTAGE Complies Unknown   
8.3  SOLAR ISOLATION DEVICE TEST Complies Unknown   
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AS 4777.1-2005: Grid connection of energy systems via inverters - Part 1: Installation requirements 
   






General N/A N/A 
5.2 
 
Inverter and grid protection device Complies Complies 
5.3 
 
AC circuit arrangements 
  
 
5.3.1 Connection to switchboard Complies Complies 
 
5.3.2 Cable sizing Complies Unknown 
 
5.3.3 Isolation switches Complies Complies 
 
5.3.4 RCD's Complies Complies 
 
5.3.5 Inverter overcurrent protection Not required Not Required 
5.4 
 






5.5.1 General Complies Complies 
 
5.5.2 
Switchboard to which inverter energy system 








Additional requirements for UPS Not required Not required 
 
AS 4777.2-2005: Grid connection of energy systems via inverters - Part 2: Inverter Requirements 
Inverters approved to Australian Standards and approved by Western Power for grid connection 
 
AS 4777.3-2005: Grid connection of energy systems via inverters - Part 3: Grid protection requirements 
Inverters approved to Australian Standards and approved by Western Power for grid connection 
with grid protection devices incorporated into the SMA SMC 600A inverters 
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21 Appendix I 
Appendix I can be found on the attached CD Rom as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
21.1 AS 5033 Compliance Notes 
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22 Appendix J 
Appendix J can be found on the attached CD Rom as the digital Appendices. This is due to 
Word being unable to convert equations to PDF format. 
Headings have been kept as reference and for the table of contents. 
22.1 Solar Unlimited Cable Calculations 
 




23 Appendix K 
Appendix K can be found on the attached CD Rom as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 




24 Appendix L 
Appendix L can be found on the attached CD Rom as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
24.1 Afternoon Shading Study for December 2011 
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